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ABSTRACT. 

The  critical  gas  velocities  of  c^a]  particles  in  a 
5i  in.  diameter  fluidised  bed  have  been  determined  using  dry 
air  at  atmospheric  conditions.  Nine  samples  ranging  in 
sise  ^rom  0.00QQ  to  0. 2?/x  in.  diampte's  end  one  wide  size 
vp-po-c.  ppm-oi  p  (loss  than  1  /]  6  th .  in,)  were  used.  T'hp 
results  a'*'*0  compared  with  those  predicated  us  ins*  the  methods 
of  three  other  workers.  The  void  fraction  in  the  fixed,  and 
fluidised  state  have  al-so  been  determined  for  thp  nine 
samples . 

The  design  and  commissioning  of  a  plant  for  the  low 
t emoerature  carbonisation  of  60  lh,  /hr.  of  pfulverised  coal 
in  p  fluidised  h^d  i_o  desw*ibed.  Some  operating  data  are 


included 
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THE  LOW  TEMPERATURE  CARBONISATION  OF  COAL  IN  A 

FLUIDISED  BED. 

GENERAL  INTRODUCTION 

The  Research  Council  of  Alberta  is  engaged  in  a 
lonp-  term  project  dealing  with  the  low  temperature 
carbonisation  of  coal.  The  history  of  the  low  temper¬ 
ature  carbonisation  of  coal  has  been  beset  with  diff¬ 
iculties  due  mainly  to  the  low  heat  transfer  rates  at 

the  low  temperature  gradients  involved  and  the  adverse 

coking 

swelling  characteristics  of^coals  at  these  temperatures. 
It  is  not  surprising  then  that  the  technique  of  the 
fluidised  bed  of  particles  has  been  adapted  to  this 
problem,  involving  as  it  does  high  heat  transfer  co¬ 
efficients  from  wall  to  bed,  improved  solids  handling 
methods  and.  almost  complete  absence  of  temperature 
gradients  within  the  bed.  As  a.  part  of  this  work,  the 
Chemical  Engineering  Department  of  the  University  has 
constructed  a  small  pilot  plant  using  the  technique. 

It  was  decided  after  making  a  preliminary  search  of 
the  literature  that  information  on  the  dynamic  properties 
of  beds  of  coal  particles  should  be  obtained  in  the 
laboratory.  The  results,  apart  from  their  immediate 
practical  value  would  also  be  of  some  use  in  checking 
the  various  proposed  formulae  for  determining  the  design 
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constants  of  a  fluidised  bed. 

The  two  objectives  of  this  thesis  were  to  determine, 
by  batch  fluidisation  of  coal  particles  at  room  temp¬ 
erature,  the  design  constants  for  a  fluidised  coal  carb- 
oniser  and  to  design,  construct  and  operate  it.  The 
first  objective  is  covered  in  part  1  and  the  second  in 
part  2  and  appendices  B  and  C. 
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PART  1  FLUIDISATION  OF  COAL  PARTICLES 

A.  INTRODUCTION 

Fluidisation  is  that  operation  involving  the 
suspension  of  a  bed  of  solid  particles  in  the  counter 
gravity  flow  of  a  fluid.  There  will  be  more  or  less 
relative  motion  between  the  particles  according  to  the 
properties  of  the  fluid,  particles,  and  retaining  vessel. 
The  phenomenon  is  not  of  particularly  recent  origin. 
G.Martin  in  his  treatise  on  Chemical  Engineering,  London, 
1928,  devotes  a  chapter  to  the  behaviour  of  fluidised 
solids  and  gives  some  design  data;  and  a  full  size 
vertical  Portland  cement  kiln  operating  on  this  prin¬ 
ciple  was  built  in  the  1920 Ts  but  was  not  a  commercial 
success.  Fluidisation  has  been  long  known  in  the  ore 
dressing  industry  where  it  is  called  the  Tteeter!  con¬ 
dition,  when  water  is  used  as  the  fluidising  agent. 
However,  the  recent  upsurge  of  interest  dates  from  World 
War  2,  and  its  use  in  the  American  petroleum  industry 
where  it  provided  a  most  elegant  method  for  handling 
the  large  quantities  of  catalyst  used  in  cracking  pet¬ 
roleum  stocks.  It  is  now  well  established  as  a  unit 
operation  but  the  state  of  knowledge  of  the  subject 
still  leaves  much  to  be  desired.  Fluidisation  falls 
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naturally  into  two  divisions  viz.  solid/liquid  and 
solid/gas  systems;  they  will  now  be  treated  separately. 


B .  Solid/liquid  Fluidisation . 

When  a  bed  of  solid  in  a  retaining  vessel  supported 
on  some  kind  of  porous  screen  is  subjected  to  a  gradually 
increasing  upward  flow  of  liquid,  it  is  observed  that 
after  the  flow  is  increased  to  a  point  such  that  the 
pressure  drop  is  equal  to  the  effective  mass  of  the 
bed  after  buoyancy  is  taken  into  account,  then,  the 
bed  will  expand  to  present  a  greater  cross-section  for 
liquid  flow  to  keep  the  pressure  drop  constant.  At 
the  lower  flow  rates  there  is  a  tendency  for  the  liquid 
to  channel,  that  is  for  a  large  proportion  of  liquid 

to  flow  through  one  section  of  the  bed,  but  as  the  flow 

\  ' 

is  increased  beyond  the  point  where  the  bed  expansion 
takes  place,  this  tendency  decreases  and  there  will 
eventually  be  a  point  at  which  the  liquid  flow  is  dis¬ 
tributed  regularly  across  the  bed.  The  phenomenon 
occurring  after  bed  expansion  is  termed  fluidisation. 

The  bed  particles  are  separated  from  each  other  by  the 
liquid  and  are  agitated  and  the  upper  boundary  of  the 
bed  is  quite  sharp  and  horizontal.  As  the  flow  is  in¬ 
creased  the  bed  will  continue  to  expand  uniformlv 
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until  the  terminal  velocity  of  the  particles  is  reached 
when  the  bed  will  disperse  in  the  liquid. 

Hancock  has  described  this  phenomenon  (7)  and  cor¬ 
related  (5)  the  data  of  Hirst  (11)  for  the  sand/water 
system  by  a  combination  of  the  equation  for  the  free 
fall  of  a  sphere  i.e.  B1  =  f(Rep)  with  the  function 
of  the  bed  voidage  6^.  In  this  paper  (8)  Hancock 
recognises  the  phenomenon  of  gas/solid  fluidisation 
but  did  not  publish  formal  equations  until  194-9  (6). 

Wilhelm  and  Kwauk  have  published  work  (26)  on  the 

fluidisation  of  uniform  spherical  particles  (up  to  0.02 

inches  diameter)  with  water,  and  correlated  their  data 

by  means  of  plots  of  the  Blake  number  multiplied  by 

the  Reynolds  number  squared  against  the  Revnolds  number, 

with  the  bed  voidage  as  parameter.  Thev  made  no  attempt 

to  determine  a  function  of  bed  voidage  which  would  bring 

all  their  points  on  one  curve.  They  concluded  onlv 

that  the  function  will  be  complicated. 

above 

Morse  (22)  replotted  the.:^  data  including  the  void- 
age  function  6^/(1  -  €)  in  an  attempt  to  obtain  a 
single  line  plot  but  with  disappointing  results. 

Lewis,  Gilliland  and  Bauer  (19)  included  all  their 
data  for  air  and  water  fluidisation  of  glass  spheres 
on  a  single  line  by  using  the  voidage  raised  to  the 
4.65  power  as  a  multiplier  of  the  Blake  number,  but 
the  range  of  Reynolds  number  and  voidage  involved  is 
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too  small  for  this  treatment  to  be  proved  conclusive. 

Young  (27)  resolved  the  problem  into  two  parts. 

One  is  determining  f«£)  in  the  relation  Bl.f(£)  =  F(Rec), 
where  Rec  is  Reynolds  number  as  modified  by  Carman  (4)» 
This  equation  is  the  equivalent  of  the  Blake-Carman 
correlation  for  fixed  beds.  The  other  involves  determin¬ 
ing  f*(0  and  f”(£)  in  Bl.f»(£)  =  F(Rep.f *»(£})  where 
the  function  F  is  given  by  the  curve  of  B1  against  Re 
for  free  falling  particles.  This  is  an  extension  of 
the  method  proposed  by  Hancock,  previously  discussed. 

This  was  done  using  the  data  of  Wilhelm  and  Kwauk  as 
well  as  their  own.  The  correlations  are  reasonably 
good  but  can  only  be  expected  to  apply  for  near  spheri¬ 
cal  particles. 

Jottrand  (14)  presents  data  for  the  fluidisation 

of  crushed  sand  with  water  in  the  region  Rep<0.5.  His 

data  cannot  be  correlated  on  a  straight  line  using 

3  2 

the  voidage  function  (r  /(l-<c)  as  proposed  by  Leva 
and  associates  (15 ) ,  (16)  for  air  fluidised  beds, 
however,  they  find  that  £  *  is  the  best  function,  cf. 
Lewis,  Gilliland,  and  Bauer,  and  Hancock  above. 

The  related  problems  of  flow  through  fixed  beds, 
hindered  settling  and  free  fall  of  particles,  and  pneu¬ 
matic  transport  of  solids  have  been  extensively  covered 
in  the  literature. 
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C.  Solid  gas  Fluidisation. 


When  we  come  to  the  question  of  the  fluidisation 
of  solid  particles  with  a  gas  the  state  of  knowledge 
of  the  phenomenon  is  more  complicated.  In  the  first 
instance  most  work  has  been  done  on  small  sized  part¬ 
icles  so  that  the  flow  is  wholly  laminar;  and  those 
correlations  and  data  which  deal  with  the  transitional 
and  turbulent  flow  regions  are  contradictory  and  often 
represent  unjustifiable  extrapolations.  What  is  actually 
observed  when  a  bed  of  particles  is  fluidised  in  a  trans¬ 
parent  tube  is  described  in  most  papers  dealing  with 
this  question  (1)  (9)  (10)  (13)  (15)  (19)  (26),  and. 
may  be  summarised  thus.  At  low  flow  rates  of  gas  through 
the  packed  bed,  no  movement  is  observed  and  the  pressure 
drop  across  the  bed  varies  as  a  power  of  the  superficial 
gas  velocity,  the  value  of  the  exponent  ranging  from 
1  to  2  depending  on  the  state  of  flow.  When  the  pressure 
drop  becomes  equal  to  the  hydrostatic  head  of  the  bed 
the  particles  will  rearrange  to  present  an  increased 
area  for  flow  with  the  possibility  of  a  decrease  in 
the  pressure  drop.  These  rearrangements  may  occur  several 
times  or  not  at  all,  and  more  or  less  violently  de¬ 
pending  upon  the  initial  packing  and  uniformity  of  the 
bed.  This  process  will  come  to  an  end  when  the  particles 
are  in  their  loosest  stable  packing.  A  further  increase 


io_  j.j  . . 

...  ,  Zz  is i  siz  \z  - 

.  ..  £;i  sIoxcTus  bil 

e  ;  .  ;  :  XX  .  :  'xO  .  '  ■,  .  e :fc:  r 1  1  - 

•  -  .  C  :  - 

odz  1  £  X  -  ..  X  v  X*}.  •:  XiSiic  .  ceXbi 

, 

lc  1  iz  rid  d  -  LbsJ  .  . >i  ■  .  .  &  i:  »1  •. 

;  .  /  .  .  .  .  ’  .  .  -  ? 

OC'ii  C  dsrl  .  j B.L  \  ;  .  I  '  t  ' 

.cb.cc.rl  i  1  .  hi  ■ 

•.  ■  Js  1  i:  .■  > 

A  ■)  (  .1/  (C--)  ( £X )  v  ■--/  (  y  (-)  .  .  Id  .  aid# 

■  :  .  .  .  -  ./  ■ 

'  .  v  -  "  *b9<  ;  i 

-  :cl  ■  -  .1  .  >  •.  S'..  ;  v  >f  <  v.  •.tor,  •r/X 

c  -  $  ssi  v  c  -.  \ 

•  -  -  .  .  .  .  .  -  .  :  .  £  ...  c  I 

c  .  .  •  :  d  I  fixrr  •  ,  c 

.  •  .  '  ■>  z  .  ri  z  •  ‘1*1/'  - m  .  1;  .  '.o.'c:  *.  -•><  Brief 

•  .  .  -  •  .  • 

-  1  ...  •  ■.  ■  o'  .  •  .1 

-  ‘  -  -  ..  l  .  IfeJ _ 

' 


-  9  - 


in  the  flow  will  now  cause  the  particles  to  separate, 
and  if  the  bed  is  completely  uniform  with  respect  to 
particle  size,  mass  and  shape,  this  will  occur  through¬ 
out  the  whole  of  the  bed.  If  on  the  other  hand  the 
bed  is  not  homogeneous,  the  separation  of  particles 
may  first  occur  in  certain  regions.  Thus  in  the  case 
of  a  range  of  particle  sizes  the  boundary  between  the 
fixed  and  separated  phases  will  move  from  the  top  down¬ 
wards  as  the  gas  velocity  is  increased  until  the  whole 
of  the  bed  is  in  this  condition.  This  condition  of 
expansion  where  the  particles,  though  separate,  do  not 
appreciably  change  their  relative  positions  is  the 
same  as  in  the  fluidisation  with  a  liquid  and  is  known 
as  ’’particulate"  fluidisation  after  Wilhelm  and  Kwauk 
(26).  There  is  however,  a  limit  to  the  amount  of  gas 
which  can  be  passed  through  the  bed  while  it  still  pre¬ 
serves  its  homogenenous  nature.  After  this  point  the 
gas  passes  through  the  bed  in  the  form  of  bubbles  through 
which  the  particles  drop.  The  continuous  solid/gas 
phase  still  appears  to  have  about  the  same  density  as 
before  the  bubbling,  but  it  is  now  violently  agitated 
and  has  been  compared  to  a  boiling  liquid.  Depending 
upon  the  properties  of  the  solid  and  the  geometry  of 
the  retaining  vessel,  bubbles  may  occupy  the  whole 
cross-section  of  the  bed,  when  this  happens  sections 
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of  the  bed  are  repeatedly  projected  violently  upwards, 
disintegrate  and  fall  back.  This  is  known  as  slugging 
and  is  comparable  to  the  phenomenon  known  by  the  same 
name  in  gas  lifts.  With  increasing  gas  flow  the  dis¬ 
continuous  low  density  phase  grows  at  the  expense  of 
the  continuous  phase  until  the  limit  of  zero  continuous 
or  high  density  phase  is  reached  and  the  fluidised  bed 
no  longer  exists. 

Before  the  design  of  a  fluidised  bed  can  be  under¬ 
taken,  the  following  problems  amongst  others  must  be 
solved. 

1.  Prediction  of  pressure  drop  across  any  given  bed 
at  any  given  flow  rate  of  a  specific  gas. 

2.  Rigorous  definition  of  reproducible  critical  points 
in  the  fluidisation  process. 

3.  Determination  of  critical  gas  velocities  for  a 
given  bed  and  gas,  and  determination  of  bed  density  or 
fractional  voids  at  the  given  critical  gas  velocities. 

4*  Prediction  of  the  bed  density  or  fractional  voids 
for  any  given  bed  at  any  given  flow  rate  of  a  specific 
gas. 

The  work  done  under  each  of  these  headings  will 
now  be  discussed  in  detail. 

1.  Prediction  of  pressure  drop  across  any  given  bed 
at  any  given  flow  rate  of  a  specific  gas. 

If  a  fluidised  bed  is  considered  as  a  fluid  then 
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the  pressure  drop  through  it  would  be  expected  to 
conform  to  the  laws  of  hydraulics  and  be  equal  to  M/A, 
where  M  equals  the  effective  mass  of  bed  (mass  of  solid 
corrected  for  buoyancy),  and  A  equals  the  cross-sectional 
area  of  bed.  This  relationship  was  proposed  and  con¬ 
firmed  by  Parent, Yagol  and  Steiner  (23)  .  Defining :- 


AP 
L 
6 
P s 

e* 


Pressure  drop  across  the  bed. 
Height  of  bed  at  any  time. 
Fraction  void  space  in  the  bed. 
Density  of  solid. 

Density  of  fluid  (mean  value). 


then  the  following  relationship  can  be  set  up:- 


AP  —  M/A  =  LA(1  -  E)(ps  -  pi) Ik 

i.e. 

AP/L  =  (1  -  6)  -/*> . (D- 

This  equation  proposed  by  Wilhelm  and  Kwauk  (26) 
and  Leva  et  al.  (15)  has  been  confirmed  by  them  and 
most  other  investigators  at  the  point  of  fluidisation. 
It  would  appear  obvious  that  energy  is  required  over 
and  above  that  required  to  support  the  bed,  and  that 
in  general 

AP/L  >  (1  -  €.)(fk  -  f>£) 

and  that  the  magnitude  of  this  difference  would  depend 
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upon  frictions]  drag  at  the  walls  of  the  retaining  vessel, 
accp]  prPtion  of*  particles,  entrance  effects  end  the  like. 
Lewis  et  a]  .  (]Q)  have  n i  ^ -r -i- h  (AP  experiments.]  -s- 
AP  cel  ciliated )  ■  f  on  hpHc  of  O.OObl  inch  glass  Pph^rPR 
f  1  uidised  with  air*.  -  Ej4viat^pns  up  to  20%  greater  then 
the  theoretics]  value  of  1  were  obtained .  the  extent 
or  -t-.bo  deviation  increasing  with  increase  of  the  hed 
height  f°  diameter  ratio  enH  Reynolds  no.  Th°v  relate 
this  with  the  increase  in  the  tendency  for  slugging 
with  consequent  energy  losses  - 1  the  walls  of  the  c°n- 
tainer.  However,  these  conclusions  are  based  on  data 
from  2\  °nd  I.D.  tubes  where  wall  effect c  would 
he  expected  to  he  extensive.  I’oorliay  and  Johnstone  (25) 
ha.ve  ppopo a  mechanism  t,n  account  for*  the  ^^ce^e 
pressure  drop  over  that  just  required  to  initiate  fluid¬ 
isation  by  taking  acccunt  of  the  work  done  by  the  dis¬ 
continuous  phn^p  in  rotating  particles  at  the  boundarv 
between  the  phases,  (assumed  nroport?  ons  ]  to  Dp®')  flni 
wg i]  pf'f’^cts  (a^s'inoH  constant).  Thev  then  relate  the 
n-as  ncitv  and  pressure  dnnp  through  the  continuous 
phase  (assumed  equal  to  the  critical  conditions,  minimum 

fluidisation),  the  evcoC!s  of  the  me  e  velocitv  and  pr*eq_ 

•  /  «/ 

sure  dnnp  over  thopp  values  (assumed,  due  to  the  d.i  scon- 
tinuous  phacn)  end  the  nominal  particle  diameter  raised, 
to  the  one  half  power*.  The  pnnpoeod  relationship  apparent- 
ly  checks  the  in  own  data  and  that  of  Lewis,  Gill  i  la  hid 
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and  Bauer  (19)  mentioned  above. 

2.  Rigorous  definition  of  reproducible  critical  points 
in  the  fluidisation  process. 

It  is  obviously  most  important  to  be  able  to  predict 
the  gas  velocity  necessary  to  fluidise  a  given  solid 
particle  system  and  to  predict  the  limits  of  satisfactory 
fluidisation.  From  the  description  of  the  fluidisation 
process  there  would  appear  to  be  three  definable  critical 
points;  first,  the  gas  velocity  for  the  onset  of  single 
phase  fluidisation,  secondly,  for  two  phase  fluidisation 
and  thirdly,  for  the  disappearance  of  the  fluidised  bed. 
The  first  named  is  called  the  "critical**  gas  velocity 
and  has  received  with  one  exception  all  the  attention 
of  workers  in  this  field.  Many  workers  (5),  (6), 

(12),  (22),  (25),  and  (26),  have  only  been  concerned 
with  the  problem  of  relating  the  gas  velocity  to  the 
bed  properties  and  fractional  voids,  also  called  bed 
voidage.  Leva  et  al.  (15),  proposed  setting  the  pressure 
drop  term  in  the  equation  for  flow  through  a  packed  bed 
equal  to  the  weight  of  the  bed,  and  then,  substituting 
the  bed  voidage  obtained  from  a  correlation  of  the 
maximum  fixed  bed  voidage,  they  obtained  the  critical 
ffas  velocity. 
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Baerg,  Klassen  and  Gishler  in  their  studies  of 
heat  transfer  (2)  noted  a  sharp  discontinuity  in  the 
plot  of  heat  transfer  coefficient  to  the  walls  of  the 
retaining  vessel  versus  the  superficial  gas  velocity, 
when  taken  over  both  fixed  and  fluidised  conditions. 

They  assume  that  this  point  corresponds  to  the  critical 
gas  velocity  though  it  would  seem  more  likely  to  cor¬ 
respond  to  the  point  of  incipient  two  phase  fluidisation 
and  the  consequent  increase  in  bed  turbulence. 

Agarwal  and  Storrow  (1)  defined  the  critical  gas 
velocity  by  visual  observation  of  a  bed  fluidised  in 
a  transparent  tube,  as  being  for  even  fluidisation  the 
point  at  which  the  bed  becomes  static  as  the  gas  velocity 
is  reduced,  or  for  uneven  fluidisation  (mixed  particle 
sizes)  the  point  at  which  all  the  bed  is  fluidised  (i.e. 
in  motion)  as  the  velocity  is  increased.  For  a  given 
bed  the  latter  definition  will  give  a  higher  value  than 
the  former.  They  find  that  their  observed  critical 
gas  velocities  do  not  check  with  the  values  calculated 
by  the  method  of  Leva  et  al.  described  above. 

Lewis,  Gilliland  and  Bauer  (19)  define  a  quiescent 
quicksand-like  state  of  the  fluidised  bed  which  would 
seem  to  correspond  with  the  critical  gas  velocity,  and 
show  how  to  find  the  corresponding  velocity.  Their 
method  involves  the  simultaneous  solution  of  two  curves 
relating  system  properties  and  bed  voidage  with  Reynolds 
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no.  for  fixed  and  fluidised  beds  respectively.  This 

would  appear  to  give  the  velocity  at  which  the  fixed 

bed  changes  to  the  fluidised  condition  but  as  will  be 

shown  later  the  method  gives  erroneous  results  for  the 

it ' s  use 

bed  voidage  in  the  quiescent  state  and  so.would  not 
be  advisable  without  further  study. 

The  pressure  drop  versus  velocity  plot  forms  the 
basis  of  two  definitions  of  critical  gas  velocity.  If 
this  plot  is  made  it  is  found  that  during  the  fixed 
bed  condition  the  pressure  drop  increases  regularly 
(linearly  in  viscous  flow]  with  increase  in  gas  velocity. 
At  the  approach  of  fluidisation  the  curve  falls  off 
and  during  fluidisation  the  pressure  is  substantially 
constant;  now, if  the  velocity  is  reduced  slowly  the 
curve  will  be  retraced  along  the  same  path  in  the  fluid¬ 
ised  region, but  will  fall  off  at  a  higher  velocity,  so 
that  in  the  fixed  bed  region  for  anv  given  velocity 
the  pressure  drop  will  be  lower  when  the  velocity  is 
being  reduced  than  when  it  is  being  increased.  Such 
a  curve  appears  in  Fig.  1.  The  lower  curve  is  obviously 
obtained  at  maximum  voidage  in  the  bed  and  if  there 
is  any  jarring  of  the  equipment  or  if  the  velocity 
is  reduced  suddenly  the  points  will  be  above  the  line. 

The  slope  of  the  increasing  line  depends  upon  the  initial 
packing  of  the  bed  and  consequently  if  the  horizontal 
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and  increasing  line  are  extended  to  intersect  at 
the  value  of  will  depend  on  the  initial  packing  of 
the  bed.  Jolley  and  Stanton  (13)  use  this  point  to 
define  the  critical  gas  velocity  provided  the  bed  is 
mechanically  shaken,  but  it  would  not  be  reproducible 
unless  the  exact  design  of  the  shaker  were  specified. 
However,  the  point  V2  of  intersection  of  the  decreasing 
and  horizontal  curves  is  reproducible  since  the  bed 
is  always  settled  in  a  constant  manner  and  at  maximum 
voidage,  and  represents  a  velocity  above  which  the  bed 
will  always  be  fluidised.  This  definition  independently 
proposed  by  Van  Heerden  et  al.  (10)  and  Miller  and 
Logwinuk  (21)  is  superior  to  the  others  in  the  matter 
of  reproducibility  and  in  that  it  is  directly  obtained 
from  experimental  data.  It  is  the  one  adopted  in  the 
present  work.  There  are  difficulties  however,  when 
dealing  with  wide  size  range  mixtures  since  the  pressure 
drop/velocity  curve  obtained  has  the  shape  shown  in 
Fig.  2,  and  there  is  some  doubt  as  to  the  point  of 
intersection  of  the  lines  in  the  range  V]_  to  V2.  It 
was  noticed  that  on  the  velocity  increasing  readings 
there  was  still  some  segregation  of  larger  particles 
at  velocities  greater  than  V2  though  after  thorough 
fluidisation  there  was  no  segregation  until  the  velocity 
dropped  below  V2.  Accordingly  V2  has  been  taken  as 
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the  critical  gas  velocity. 

The  point  at  which  the  type  of  fluidisation 
changes  from  single  phase  to  two  phase  (from  part¬ 
iculate  to  aggregative  in  Wilhelm  and  Kwauk’s  nomen¬ 
clature  )  has  only  been  considered  by  Ergun  and  Orning 
( 5 ) ,  who  found  that  two  phase  fluidisation  began,  for 
spherical  particles  when  the  void  fraction  exceeded 
about  O.46  which  corresponds  to  cubical  packing,  the 
loosest  stable  arrangement.  It  should  be  noted  that 
Van  Heerden  (9)  and  Lewis  et  al.  (19)  quote  a  void 
fraction  of  0.L06  and  O.Zj.09  respectively  for  the  onset 
of  fluidisation  (single  phase).  Toomev  and  Johnstone Ts 
treatment  (25)  of  increased  pressure  drop  at  velocities 
greater  than  minimum  fluidising  velocity  (critical 
gas  velocity)  presupposes  the  coincidence  of  the  onset 
of  single  and  two  phase  fluidisation. 

The  upper  limit  of  fluidisation  occurs  at  gas  vel¬ 
ocities  such  that  the  bed  is  destroyed.  It  seems 
reasonable  and  was  stated  by  Wilhelm  and  Kwauk  in  their 
pioneer  paper  (26),  that  for  beds  of  narrow  size  range 
this  upper  limit  is  the  free  fall  velocity  of  the  part¬ 
icles  and  their  data  confirm  this.  Lewis,  Gilliland 
and  Bauer  ( 19 )  found  that  their  plots  of  fraction  voids 
against  gas  velocity  extrapolate  to  the  free  fall  velocities 
of  the  given  bed  at  fraction  voids  equal  unity  for  the 
larger  sized  particles  but  that  for  very  small  sizes 
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the  velocities  for*  1 00  percent  voids  ere  severe]  times 
the  -Prep  Pell  velocities.  In  the  discussion  on  the 
neper'  of  Wilhelm  end  Kwauk.  (?6)  d.ete  srp  presented, 
on  the  fluidisation  of  vorv  small  commercial  catalysts 
which  show  that  fluidisation  proceeds  smoothly  at  vel¬ 
ocities  greater  then  thet  corresponding  to  the  fnee 
fall  velocity  of  the  weighted  average  particle  size. 

This  phenomenon  is  also  mentioned  by  Metheson  et  al. 

( ?0 ) .  The  subject  is  usually  treated  as  a  very  minor 
problem  in  the  literature  end  nothin0-  very  definite 
is  said  about  it.  The  position,  would  appear  brief ly 
to  be  that,  for  narrow  size  range  beds  the  terminal- 
velocity  of  the  particles  is  the  upper  limit  for  a 
stable  fluidised  bed  except  in  the  case  of  very  fine 
particles  in  the  range  -300  mesh.,  when  smooth  fluid¬ 
isation  can  take  place  at  velocities  higher  than  the 
terminal .  This  may  be  due  to  the  formation  of  aggre¬ 
gates  containing  a  number  of  particles  which  behave 
as  one.  For  behe  containing  a  range  of  particle  sizes 
the  weighted  mean  diameter  alone  is  not  significant 
in  determining  these  limits.  IP  the  vas  velocitv  is 
lower*  than  the  critical  gas  velocity  of  the  large  ^ize 
thev  will  he  semrevated  as  a  fixed  bed  lever  (Q);  if 
hivher  than  the  terminal  velocity  oP  the  smaller  sizes 

o  J 

they  will  he  entrained  et  a  definite  rate,  which  depends 
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on  their  concentration  in  the  bed  and  the  bed  properties. 
Some  data  on  entrainment  rates  is  given  in  the  literature 
[13) f  (1$)*  For  beds  into  which  material  is  continually 
fed  and  from  which  it  is  continually  removed  it  is 
possible  to  obtain  a  stable  bed  under  conditions  which 
would  not  support  batch  fluidisation.  Lewis,  Gilliland 
and  Bauer  (19)  have  done  experimental  work  using  a  10 
ft.  1.25  in.  I.D.  tube  feeding  solid  at  the  base  and 
removing  it  at  the  top,  almost  corresponding  to  vertical 
pneumatic  transport,  but  the  more  normal  industrial 
case  (feeding  to  and  from  a  well  defined  bed)  has  not 
been  investigated. 

3.  Determination  of  critical  gas  velocities  for  a 
given  bed  and  gas,  and  determination  of  bed  density 
or  fraction  voids  at  the  critical  point. 

In  earlier  studies  effort  was  concentrated  on 
determining  the  nature  of  the  relationship  connecting 
velocity  and  void  fraction  in  the  fluidised  bed.  The 
two  theoretical  approaches  to  the  fluidisation  process 
are  from  consideration  of  fixed  beds  and  of  free  falling 
particles.  The  equations  connecting  pressure  drop  and 
gas  velocity  in  fixed  beds  are  modified  to  apply  to  fluid¬ 
ised  beds  by  substituting  the  identity 

AP/L  —  (1  ){^s  -  f)  developed  previously.  (Eqn.  1). 
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Any  of  the  equations  developed  for  fixed  beds  may  be 
used.  It  is  general  l.v  found  though,  that  th°  function 
of  the  bed  voids  eo  obtained  does  not  successful  3 v 
qot’tp!  ate  tbo  data  end  funtber  connection,  coefficients 
Vip-^rpi  to  be  detenmined .  Bv  e  fu.nthen  c°n'r,ol  at3  on  of 
the  bo^  voids  at  tbo  cnitical  yes  velocity £m.f  acain.st 
tbo  pantJcle  diameten  it  is  possible  to  solve  fon  the 
critical  o-oq  velocity.  This  was  the  pnoce'dune  adopted 
by  Leva  et  al.  (Id),  The  deni vat ion  of  the  yenenal 
equation  though  not  °tated  connecftly  in  the  panen 
proceed q  pq  follows  l- 

Fon  fixed  bedq  Leva  has  shown  (15)  that  pnessune  d.nop 
data  mav  bp  co^npl? t*3^  bv  the  ^enenal  expnessionj — 


(i  -  £)3~n 

63 '  ‘ 


(2) 


when^ 


aril  set  tin?r 


f  =  v/q.Rp9-1^ 


we  have 


(3) 
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the  paper. 

Treating  the  fluidised  bed  as  a  fixed  brd  we  car  sub¬ 
stitute  the  analogy 

AP/L  ^  ( 1  -  €  )  (/^  -  fi ) 

developed  previously  (Eqn.  1) 
p-ivino-  j 

r2  _  g  DP  Pi  {p  -  Pi)  _  £ 

2f  A3-"  (1  -£)2-n . 

and  setti.ro-  =  £.mf ,  the  tractior  voids  at  the 
critical  gas  velocity,  we  car.  find. 

Ct  Gmf  ~  Vmf.^f,  the  critical  gas  velocity. 
Plots  of  cmf  versus  Dp  are  given  by  Leva,  et  al.  for 
sand  ( 16)  and  for  anthracite  coal  (1?). 

Van  heerden,  Nobel  and  Van  Krevelen  (10)  studied, 
fluidisation  orlv  in  the  laminar  r-pgion  where  Rep  <  5. 

Ror  fixed  beds  the  pressure  drop  expressed  in  force 
units  can  be  evaluated  by  an  equation  of  the  type 

Ao/L  =  f  ( Rep)  g(£)  A  ?fk  V?/Dp . 


U  sur  1  ly  g  ( €  )  —  ( 1  -  6-  )  /  £ 

Ror  Rep  <5  Lewis,  Gilliland  and.  Bauer  ( IQ )  have  found 
that,  f ( Rep )  ~  7?/R®P 


(4) 
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n nH  for’  fluidisation  one  can  set 


A^L 


Where 


density  of  the  bed  at  the  critics!  point 


eo  that. 


Re^  =•  P?  y^bm  g  Pp3  /]_5 A g((rmf)A . (b). 

'T’bj  s  eauation  connects  the  critical  eras  velocity  Vmf  in 
Rer  =  Vmf  fp  Dp  /jLL  with  the  fraction  voids  at 
the  critical,  £mf, 

They  find  -  however-  that  A  a^  determined  usinv 
this  equation  varied  with  Bp  for  substances  with  micr<~>- 
porosity  such  as  coke.  However,  it  is  known  that 
spheres  have  a  vem''  definite  £  or  0.L06  at  tbs  critical 
point  both  fro™  their  data,  and  that  of  Lewis,  (lilliland 
anH  Bauer  (19),  so  that  the  function  01  (£)  mav  he 
combined  with  A  to  give  a  new  ^bepe  factor  which  wi! ! 
determine  the  shape  of  particles  by  comparison  of  their 


fluidising  properties  with  those  of  spheres.  This  leads  to 
Ren  =  0 . 00123  g  p*  m  kp3 /r .  .  .  . ( ? ) . 


Values  of  B  evaluated  using  this  equation  show  much 
less  sn^ead  Phan  the  corresDonHi.no1  /\  values.  Though 
this  equation  holds  for  particles  of  uniform  size  they 
found  that  for  mixtures  of  wide  sirp  ranve  the  R  is 
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still  not  constant  with  the  arithmetic  mesn  diameter 
of  the  particles,  but,  if  the  equivalent  diameter  of 
the  particles  is  redefined  as  the  diameter  of  thoee 
spheres  with  the  seme  number  per  unit  volume  of  the 
bed  as  the  particles,  both  measured  at  maximum  porn- 

sitv,  then,  the  discrepancy  is  eliminated. 

Ergun  and  Orning  (f)  have  also  developed  equations 
for  fluidisino-  gas  velocity  and  presumably  they  could 
he  need  to  predict  the  critical  ms  velocity  bv  sub- 
stituting  the  value  of  the  bed.  voids  at  the  critical 
point . 

Agarwal  and  Storrow  (1)  tacklmng  the  problem  from 
the  other  end  so  to  speak,  found  that  the  fluidising 
gas  velocity  is  proportional  to  the  terminal  velocity 
of  the  particles  calculated  from  a.  mean  diameter  (equal 
to  six  over  the  particle  surface  area)  and  proportional 
to  the  bed  voidage  raised  to  the  sixth  power.  They 
have  plots  of  the  critical  bed  voidage  against  part¬ 
icle  diameter  for  the  materials  they  worked  with,  thus 
the  critical  gas  velocity  can  be  determined.  They 
found  that  their  experimental  results  did  not  check 
with  values  calculated  from  Leva’s  correlation. 

Miller  and  Logwinuk  (21)  tackled  the  problem  of 
the  critical  gas  velocity  determination  using  the  tech¬ 
nique  of  dimensional  analysis  which  resulted  in  the 
following  equation  involving  particle  end.  gee  properties 
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raised  to  various  powers. 


Gmf  ~  0.00125  Dp 


2f* 


(S). 


ft.  Ib.h-^.  units .  Dp  ~  o-eomptric  moan  diameter*. 

Tt,  dops  not  jncludp  bed  voidave  nnd  is  obviously  absolute- 

O  J 

lv  limited  to  the  system  they  have  studied. 

Lewis,  Gilliland  and  Raner*  (19)  in  the  course  of 
their  study  of  fluidiscipion  obtained,  two  plots  of  friction 
factor*  for  tha  fixed  bed,  and  for  the  fluidised  bed, 
plotted,  against  particle  Reynolds  number.  These  two 
plots  are:- 


for  the  fluidised  bed . 


for*  the  fixed  bed 


They  say  then  that  these  two  plots  can  be  solved  for 
the  fraction  voids  fe  and  the  o-es  velocity  V  at  what 


called  the  quiescent  quicksand-like,  state  which 


eor*r*pspnnd s  to  ibp  critical,  point'. 


AP/L  =  -  f*)(  1  -  6) 


and  calling  the  r*atin 
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4.65 


B 


r-  3 


(1  -  £)2 


by  cancelling  out  terms  we  find  that. 


R 


=  s  e1,65(i  -e)/3 


(9) 


We  have  solved  the  two  plots  for  the  fraction 

voids  at  the  quiescent  quicksand=like  state  if  we  select 

from  the  graphs  the  two  values  to  give  R  at  the 

same  Reynolds  no.  Johnson  (12)  made  the  mistake  of 

stating  that  this  ratio  would  equal  unity  at  any  Reynolds 

-1.65 

number  so  that  £  *  '  (1  -  £)  =*  0.375*  He  plotted  values 
of  £  *  -£)  against  £  and  showed  that  the  function 

has  a  maximum  of  0.173  at  £,=  0.62.  His  table  is  re- 
produced  below  (Table  1). 

X  6$ 

TABLE  1.  Value  of  £  *  J  [1  -  £-)  for  various  values  of  £ 


€ 

0.3 

0.4  i  6.5 

0.6  1  6.7  J  0.8  S  0.9  1 

61,65U-€) 

0.097 

0.132 

0.155 

'  '  '  j  I  ' 

0.172j  0. 167 1 0.140  0.031  j 

Actually,  the  ratio  has  to  be  obtained  from  the 
experimental  data  on  each  graph  at  the  same  Reynolds  no. 
The  results  of  this  correct  treatment  are  presented  in 
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Table  2.  Values  of  The  friction  factors  wprp  read  from 
the  plots  of  Lewis,  Gilliland  and  Bauer  at  fixed  Reynolds 
number  and  the  corresponding  void  fractions  evaluated. 

It  would  appear  then  that  the  gas  velocity  and  fraction 
voids  at  the  quicksand-like  state  cannot  be  evaluated 
in  this  manner. 


TABLE  2.  Evaluation  of  £  at  the  quiescent  state  of 
a  fluidised  bed. 


% 

fF£4.65 

f  C- 

IB  t 

(l-“£)2 

R 

e 

1 

26 

77 

0.333 

0.33 

2 

16 

33.5 

0.415 

0.504 

3 

11 

25.7 

0,407 

0.524 

4 

9 

19.3 

0 . 466 

Imaginary 

5 

7.5 

15.4 

0.437 

Imaginary 

6 

6 

13.0 

O.46I 

0.62 

7 

5 

11.0 

0.455 

0.594 

3 

4.4 

9.6 

0.459 

0.60 

9 

4.0 

3.6 

0.433 

Imaginary 

10 

4.0 

7.7 

0.520 

Imaginary 

Finally  Baerg,  Klassen  and  Gishler  (2)  propose  the 
empirical  equation 

1.23 


Gmf  =r  1,300  (Dp  60 


(10). 
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where:-  Omf  —  critical  gas  velocity  lbs. /hr.  ft. 

h.  Prediction  of  the  bed  density  or  fractional  voids 
for  any  "iven  bed  at  any  given  flow  rate  of  a  specific 
gas . 

The  subject  matter  of  this  section  has  already 
been  touched  upon  in  previous  discussion,  and  there 
will  be  some  repetition.  The  number  and  variety  of  treat¬ 
ments  of  the  problem  are  quite  considerable.  None  has 
found  wide  acceptance,  and  there  is  still  a  great  mass 
of  detail  to  be  cleared  up.  Dividing  the  problem  into 
sections  we  have 

a.  Arbitrary  experimental  plots  used  to  relate  gas 
velocity  and  fraction  voids. 

Wilhelm  and  Kwauk  (26) 

Lewis,  Gilliland  and  Bauer  (19) 

Morse  (22) 

b.  Reasoning  from  flow  through  fixed  beds. 

Leva  et  a] .  (16),  (17) 

Ergun  and  Orning  (5) 

Van  Heerden, Nobel ,  and.  Van  Krevelen  (10) 

c.  Reasoning  from  free  fall  of  a  particle. 

Hancock  (6) 

Johnson  (12) 

These  sections  will  now  be  treated  separately. 
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a.  Wilhelm  and  Kwauk  (26)  presented  their  data  in  the 
form  of  plots  of  the  dimensionless  groups  K4P  and 
V  against  the  modified  Reynolds  number  Rep. 

It  should  be  noted  that 

2kap  =  (x  -6)w 

after  fluidisation  by  virtue  of  the  relation 

ap/l  =  (i  -e)(fs  -  ft) 

developed  earlier  (Eqn.  1), 
and  also 

Bl.  Rep^ 

They  obtained  a  curve  for  each  particle  type  of 
the  same  general  shape  viz.  an  initial  high  slope  curve 
describing  the  fixed  bed  up  to  fluidisation  and  a  hori¬ 
zontal  line  after  fluidisation  when  A?  is  substantially 
constant,  terminated  by  the  point  corresponding  to  the 
free  fall  of  the  particle  through  the  fluid. 

Lewis,  Gilliland  and  Bauer  (19)  related  gas  velocity 
and  fraction  voids  by  a  plot  of:- 

4g  Dp  {fk  -  ft)  £4,65/3V2^f  vs.  DpV pi//*- 

on  log-log  co-ordinates, 
or  by  the  relationship 

£  -6mf  =  0.065  (V  -  Vmf)/Dp0*5 


(11). 
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Where  £  mf  and  Vmf  correspond  to  the  quiescent  qnicksan.d- 
like  state.  These  two  quantities  are  obtained  as  indicated 
in  the  previous  section  which  also  showed  that  this 
mpt.hod  is  erroneous.  Of  course  the  first  plot  is  quite 
valid  within  the  limits  of  the  svstem  they  studied,  vis,. 

j  j  y 

glass  spheres  0.0016-0.0224  in.  diameter. 

Morse  (22)  has  replotted  the  data  of  Leva,  et  al.  (15) 
and  Wilhelm  end  Kwa.uk  (26)  as  the  dimensionless  groups, 

AP/L  y-  '3?  ^  ^  vs.  Rec 

r  f>f{±  -£) 


Where  (ps  ~  shape  factor  of  particle  <  1. 

This  approach  was  suggested  by  the  Carman  correlation 
for  flow  through  fixed  beds  and.  the  independant  variable 
is  Reynold's  number  as  modified  by  Carman  (4). 
b.  Leva  et  al.  (15)(l6)  plotted  for  fixed  beds  the 


friction  factor  f  against  Rep  where, 


f  =  Ap/L 


Dp  g  P? 
2G2(1  -  6)2 


They  found,  that  f  s.  100/Rep  in  the  laminar  flow  region. 
Combining  these  two  relationships  and.  substituting 

AP./L  -  -  G 

and  introducing  a  shapp  factor  P  ,  since  they  were 
dealing  with  non-spherical  particles  gave:- 
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G  =  0.005  Dp2£3  {fk  g/A  2(l  -0/^ . (12 ) 

whereA  =  Ap/Asph 

Ap  =  surface  area  of  the  particle, 

A-sph  -  surface  area  of  sphere  with  the  same  volume  as 
the  particle. 

This  equation  connects  G  and 6  after  fluidisation. 

However,  they  found  that  this  equation  holds  only  for 
the  critical  point,  G  —  Gmf  and  £  =  £mf.  They  propose 
the  following  equation  to  evaluate  G  as  a  function  o£0 

G  =  (Gmf/le)(Gcle/Gmf  ),m|  _ _ ..........(13) 

where  G  —  actual  fluidising  mass  velocity. 

Gc=  G  calculated  from  equation  (12). 
le  =3  expansion  ratio  (1  -6mf)(l  -£)• 

m  a  exponent  obtained  from  a  plot  of  m  vs.  Dp. 
Ergun  and  Orning  (5)  have  developed  an  equation  for 
pressure  drop  through  a  fixed  bed  in  the  differential  form, 

dP/dL  =r  aV  +  bV2 

where  the  constants  a  and  b  have  definite  theoretical 
significance.  Both  involve  functions  of  E^u  and  the 
specific  surface  of  the  particles  as  well  as  statistical 
constants  arising  from  the  random  nature  of  the  packed 
beds.  By  fixed  bed  experiments  the  statistical  con¬ 
stants  and  specific  surface  can  be  evaluated.  Integration 
and  substitution  of  AP/L  r  (fs  -/%)(!  -  £)  yields 
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an  equation  connecting  V  and  £  namely 

/?Sv^f  V2/S  +  2  c*  SvJu(l  -  6  )V  -  £3(/s  -  ^f)g  -  0.  • .  (14)  • 

where  °<  and  ^  are  the  statistical  constants  and 
Sy  n  specific  surface  of  the  particles.  /^Sv  and  oc  Sv^ 
are  determined  from  fixed  bed  experimental  data  and 
include  all  the  effects  of  particle  size  and  shape. 

The  equation  Van  Heerden  et  al.  (10)  proposed  for 
the  critical  gas  velocity  was:- 


Re0  =  0.00123 g  Dp-'/S/A.: 


(7). 


They  propose  in  the  same  paper  to  modify  it  for  velocities 
greater  than  the  critical  by  introducing  a  packing  fraction 

'Y'(m) 
where , 
m  — 
and, 

rr  density  of  bed  at  any  velocity  V  >  Vmf 
and  with  limited  data  they  tentatively  proposed  that 
(m)  —  ( l/m)^* ^  so  that. 

Re  =  V  Dp  -  0.00123  y^f^bm  g  Dp3  (yAjm/^b)6-8/^2. .  (15). 


C.  Hancock  (6)  quotes  the  following  equation  for  fluid 
isation:- 
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4g  Dp2  6 6(A  -  ft)/ 3/*-V  =  Re  Y 

which  is  a  modification  of  the  equation  for  determining 
the  free  fall  of  a  sphere*  It  can  be  more  easily  un¬ 
derstood  as 

v  =  Vtsfc6  . . (16). 


Johnson  (12)  considering  the  free  fall  of  a  single 
particle  through  a  bed  of  particle  density 

=  (1  =*  6)  ps  ■*“  6^  f  and  viscosity  Mb  ~  f  ( fc ) .LX 
(as  developed  for  colloidal  suspensions  by  Einstein 
and  others),  the  equations  developed  for  hindered  settling, 
and  equations  for  flow  through  a  packed  bed,  developed 
an  equation  for  the  fluidising  velocity  in  the  laminar 
region  of  the  general  type 

V  =  g  Dp2  (fs  -  f(6)/l8yw . ...(17). 


where  (p  r  a  shape  factor, 

and  f (6) =  a  function  of  the  fraction  voids;  and  a  much 
more  complicated  one  derived  using  free  fall  equations  in 
the  transitional  regional*  The  above  equation  is  used 
for 
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n.  Scope  of  Fluidisation  Work. 

Si  nr*p  any  commercial  cool  carbonisation  pl  ant 
will  handle  Isr^p  quantities  of  material  for  which  size 
reduction  costs  will  he  a  major  expense,  it  was  decided 
that  an  investigation  of  particles  rano-ino"  in  size  from 
200  to  -3  mesh  would  eive  data  of  use  in  striking  an. 
economic  balance.  Air  was  selected  as  the  fluidising 
ga s  for  convenience j  however,  the  effects  of  densitv 
and  viscosity  have  been  reasonably  well  accounted  for. 

Thp  tests  were  conducted  at  ^oom  temperature. 

E.  Experimental  Fluidising  Equipment. 

1.  Equipment. 

Equipment  for  fluid isation  investigations  is  generally 
of  a  very  standard  pattern  and  has  been  described  by 
many  investigators  ( 1 ) ,  ( 13  )  j  ( 17 ) *  ( 19 ) • 

Essentially  ell  that  is  needed  is  a  constant  metered 
supply  of  gas  to  a  tube  with  a  permeable  support  at  the 
base  on  which  the  fluidised  bed  r>ppf,s.  The  equipment 
used  in  these  experiments  is  sketched,  in  Fig.  3  • 

Laboratory  a  in  passed  through  the  pressure  regulating 
valve  A  to  a.  water  separator  P.  The  air  at  40  psig. 
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then  went  through  a  bed  of  silica  gel  contained  in  an 
8  in.  diameter  steel  vessel  where  it  was  dried.  From 
here  it  either  passed  through  a  Hammel-Bahl  high  flow 
pressure  regulator  D,  the  outlet  pressure  being  equal 
to  that  on  the  delivery  side  of  the  Moore  Nullmatic 
regulator  E,  or  directly  through  E  for  low  flows,  to 
the  orifice  plate  F.  The  pressure  drop  across  the 
orifice  plate  and  the  downstream  pressure  were  measured 
by  suitable  manometers  not  shown.  The  temperature  of 
the  air  was  measured  by  taking  a  bleed  from  before  the 
orifice  plate  and  passing  it  over  a  thermometer  bulb. 

The  air  from  the  orifice  metering  assembly  was  delivered 
to  the  fluidisation  tube  G,  which  consisted  of  a  cone, 
a  porous  bronze  supporting  screen,  and  a  I.D.  tube 
(transparent  Lucite).  This  is  shown  in  detail  in  Fig.  4« 
The  static  pressure  in  the  cone  and  the  pressure  drop 
from  the  cone  to  the  outlet  of  the  fluidisation  tube  were 
measured  with  two  manometers.  The  air  then  passed 
through  cyclone  H,  to  remove  entrained  material,  and 
to  the  atmosphere.  It  is  interesting  to  note  that 
Grohse  (28),  has  found  by  X  ray  studies  of  bed  density 
that  porous  metal  plates  give  better  fluidisation  than 
either  wire  mesh  screens  or  drilled  plates. 

The  drier  C  was  charged  with  40  lb.  of  -6  to  -rl6 
mesh  silica  gel,  which  lasted  for  the  whole  series  of 
experiments.  Initially  the  dew  point  of  the  air  was 
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M 
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18°  STEEL  CONE. 


FIGURE  4.  DETAILS  OF  FLUIDISATION  TUBE. 
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-50°F,  after  the  series  of  runs  it  was  0°F. 

2.  Calibration  of  the  orifice  plates. 

Since  the  range  of  air  flow  rates  required  to 
fluidise  the  coal  particles  ranging  from  Tyler  mesh 
down  would  be  from  zero  to  about  one  scf./sec.  it  was 
decided  to  mount  the  orifice  plates  in  a  lj  in.  standard 
pipe  union  with  its  faces  ground  flat.  The  orifice 
was  preceded  by  1?  in.  of  lj  in.  pipe  and  followed  by  12 
in.  of  lg  in.  pipe.  All  the  orifice  plates  were  con¬ 
structed  of  1/8  in.  brass  plate  and  held  between  two 
thick  rubber  gaskets  in  the  union.  In  all  cases  the 
downstream  side  of  the  orifice  was  beveled  at  45°  so 
that  the  actual  thickness  of  the  orifice  was  always  less 
than  the  smaller  of  one  twentieth  of  an  inch  or  one  eigth 
of  the  orifice  diameter.  The  pressure  taps  were  1/8  in. 
brass  fittings  screwed  at  right  angles  into  the  union 
fitting,  lg  in.  upstream  and  1  in.  downstream  of  the 
orifice  plate. 

In  order  to  cover  the  range  of  flow  rates  required 
using  a  five  foot  water  manometer,  orifice  plates  were 
constructed  with  diameters  of  1.0,  0.5,  0.3,  and  0.1875  in. 

All  orifice  plates  except  the  1.0  in.  one  were 
calibrated  using  dry  gas  meters,  two  rated  at  10  cuft ./ 
min.  and  one  rated  at  5  cuft. /min.  were  used.  First 
air  was  passed  through  them  in  series  and  they  were 
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found  to  check  against  each  other  within  1  %. 

The  particular  form  of  the  orifice  equation  used 
was  taken  from  Brown  (3)  namely 

Q  =  719  C  A0  (TS/PS)U\H  P2/MZT1)2 . (IS). 


where 

Q  =  cuft./sec.  flowing  at  Ts  °R  and  Ps  psfa. 

C  =  C0/(l 

jS ~  orifice  diameter/pipe  diameter. 

A0 =  area  of  the  orifice  ft. 

C0  c  orifice  coefficient. 

AH  :  manometer  differential  pressure,  in.  of  water. 

-  downstream  pressure  psfa. 

M  -  molecular  weight  of  the  gas. 

Z  ^  compressibility  factor. 

Tg  _  base  temperature  °R. 

-  upstream  temperature  °R. 

Ps  -  base  pressure  psfa. 

The  base  pressure  was  taken  as  14*7  psia  equals 
2116. 3  psfa,  and  the  base  temperature  as  520°R.  Since 
the  air  was  to  all  intents  and  purposes  dry,  its  molecular 
weight  is  2B.97  and  at  these  low  temperatures  and  pressures 
the  compressibility  factor  can  be  taken  as  unity.  Sub¬ 
stituting  these  values,  the  equation  reduces  tos- 


Q  sr  32. 3  C  A0  (AH  P2/T1)i 


(19). 
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or 

C  -  Q/32.3  A0  (AH  P2/Ti)2 . (20). 

Equation  (20)  was  used  to  calibrate  the  orifice  plates. 
Since  the  combined  capacity  of  the  three  dry  gas  meters 
was  only  25  cuft./min.  they  could  not  be  used  cal¬ 
ibrate  the  1.0  in.  diameter  orifice.  In  this  instance, 
the  orifice  coefficient  was  presumed  equal  to  that  of 
the  0.5  in.  orifice.  Using  the  superscript  1  for  the 
1.0  in.  orifice  and  **  for  the  0.5  in.  orifice  we  have;  = 


»  -  Co” 

^o  o 

C«(l  ~  =  C”(l 

C 1  =  G”  /  j2 . 

1 1  -/tf'V 


That  this  assumption  was  valid  was  justified  when  on 
plotting  the  head  loss  across  the  empty  fluidisation 
tube  against  the  air  flow  rate  as  measured  by  the  orifice 
plates,  no  break  in  the  curve  was  evident  on  changing 
from  the  0.5  in.  to  the  1.0  in.  diameter  orifice  plates. 

The  procedure  for  calibrating  the  orifices  was  to 
connect  one  or  more  of  the  dry  gas  meters  in  place  of 
the  fluidisation  tube,  record  the  atmospheric  pressure 
and  temperature  and  then  for  a  set  flow  of  air  to  measure 
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the  differential  pressure  across  the  orifice  plate  in 
in.  of  water,  the  upstream  temperature  in  °G,  the 
downstream  static  pressure  in  millimetres  of  mercury, 
and  the  time  in  seconds  for  the  flow  of  5  cuft.  of  air 
through  each  meter.  This  was  repeated  for  different 
flow  rates  and  C  as  given  by  Eqn.  20  calculated.  Since 
these  values  of  G  will  indicate  the  errors  of  measure¬ 
ment  they  are  tabulated  in  Table  3  below:- 


TABLE  3 .  Evaluation  of  orifice  coefficients. 


Orifice  1.0  in. 

0.5  in. 

0 . 3in, 

0.1375  in. 

0.619 

0.637 

0.600 

0.612 

0.590 

0.598 

0.617 

0.630 

0.6115 

0.609 

O.636 

0.615 

0.612 

0.627 

0.615 

0.625 

0.631 

0.615 

0.625 

0.634 

0.621 

0.629 

0.633 

0.619 

0.613 

0 . 646 

0.623 

0.623 

0.632 

0.614 

0.630 

0.625 

O.636 

- 

0 . 616 

0.619 

- 

- 

Average  C  0.663 
( arithmetic ) 

0.619 

0.634 

0.614 

Discard 

None 

Low 

reading 

None 

Standard 

deviation 

0.0057 

0 

• 

0 

0 

-p- 

<1 

0.009 
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•  '  ;  •  • .  ■  •  ,  •  •  i]  it  have  been  of  any  advantage^ 

^inco  the  accurac3r  of  the  dry  meters  is  only  1%. 

Tbs  avers p-s  values  of  C  as  obtained  wore  substituted 
in  equation  (IQ)  to  give  tbs  flow  equation  for*  use  with 
each  prifice. 

3.  Calibration  of  tbs  pressure  drop  across  the  emptiy 
fluidisation  tubs. 

In  determining  tbs  critical  gas  velocity  for  a 
fluidised  bed  it  is  necessary  to  plot  tbs  pressure  drop 
across  tbs  ted  itcal f  against  the  gas  flow  through 
the  bed.  On  the  equipment*  the  manometer  was  connected 
-Prom  upstream  of  the  Supporting  screen  to  the  outlet 
of  the  fluidisation  tube.  It  was  therefore  necessary 
to  determine  the  pressure  drop  across  the  screen  and 
empty  tube  as  a  function  of  the  air  flow  rates.  These 
data  were  obtained  by  running  tests  on  the  empty  equip¬ 
ment  using  the  0.5  and  1.0  in.  diameter  orifice  plates 
to  cover  the  range  of  flow.  The  data  are  presented  in 
Fig.  5  as  a  plot  of  centimetres  of  water  manometer 
differential,  against  air  rate  in  scf./sec.  The  circles 
represent  points  taken  using  the  0.5  in.  orifice  plate 
and  triangles  using  the  1.0  in.  orifice.  As  can  be 
seen,  they  form  a  continuous  curve  justif ing  the  adoption 
of  the  same  orifice  coefficients  for  tho  two  plates  as 


mention od  earlier. 


Tbe  data  scatter  considerably  at 
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FIGURE  5  .  PRESSURE  DROP  VS.  AIRFLOW  RATE  FOR  EMPTY  FLUIDISATION  TUBE  AND 
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the  lower  flow  rates.  This  is  due  to  the  difficulty 
of  reading  the  manometers  at  low  values.  The  full  line 
represents  the  data  taken  before  the  series  of  fluidisa¬ 
tion  tests.  The  pressure  drop  shows  a  continuous  in¬ 
crease  during  the  tests  which  could  only  be  due  to  gradual 
clogging  of  the  screen.  However,  this  is  not  a  serious 
error  as  the  pressure  drop  versus  gas  velocity  curves 
for  the  fluidised  bed  were  used  only  to  determine  the 
critical  gas  velocity  which  is  the  point  of  sudden  change 
in  slope,  and  an  error  in  this  calibration  curve  though 
it  will  affect  the  accuracy  of  the  pressure  drop  will 
not  affect  the  position  on  the  gas  velocity  axis  of  the 
break  point. 

4.  Preparation  of  coal  samples. 

A  sample  of  non-coking  coal  from  East  Coulee,  Alberta 
with  a  moisture  content  of  16%  was  crushed  in  a  hammer 
mill  to  yield  approx.  99 %  less  than  Tyler  4  mesh.  This 
mixture  was  roughly  sized  into  8  fractions  on  a  reciprocating 
double  screen.  These  roughly  sized  particles  were  further 
separated  into  narrower  size  ranges  with  a.  series  of 
standard  Tyler  screens.  The  fractions  and  weights  of 
coal  eventually  obtained  are  tabulated  in  Table  4  following:- 
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TABLE  A.  Prepared  coal  Samples. 


Screen  limits. 

Weight  in  lbs. 

Sample  No. 

+•3 

- 

- 

-3  +4 

13A 

-4  +  3 

60.5 

1A 

-8  +10 

39.5 

2A 

i 

o 

+ 

H 

36.0 

3A 

-14  +20 

25.0 

4A 

-20  +23 

20.0 

5A 

-28  +35 

15.5 

6A 

-35  +48 

12.5 

7A 

-43  +65 

7.5 

3A 

-65  +100 

7.5 

9A 

-100  +150 

3.5 

10A 

-150  +200 

1.0 

11A 

-200 

9.0 

12A 

Later  a  cut  between  the  3  and  4  screens  was  taken 
from  the  4*  4  fraction.  These  fractions  were  stored 
in  10  gallon  cans  for  subsequent  use. 

Three  samples  of  crushed  coal  from  West  Canadian 
Collieries  Ltd.,  Blairmore,  were  prepared  using  a  hammer 
mill  with  a  £  in.,  l/3th.  in. ,and  l/l6th.  in.  screens 
labelled  3B,  2B,  and  IB,  respectively.  The  Tyler  screen 
analysis  of  these  three  samples  is  given  in  Table  5 
following 
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TABLE  d.  Tyler  ^c^pen  analyses  of  wide  fraction 
coal  samples. 


Tyler  Screen 

Sample  38 

-I/4  in. 

% 

Sample  2B 
-1/8  in. 

% 

Sample  IB 
-l/l6  in. 

'  % 

4-8 

6.7 

0.4 

- 

+  10 

13.8 

4  *  4 

- 

-10 

+  14 

16.4 

15.6 

0.4 

-14 

+  20 

14.8 

17.3 

11.1 

-20 

+  28 

12.0 

16.1 

18.8 

-28 

+  35 

9.3 

13.2 

17.4 

-35 

+  48 

8.1 

10.6 

14.4 

-48 

+•  65 

5.3 

6.6 

9.5 

-65 

4100 

4.3 

5.0 

7.5 

-100 

4ld0 

3.0 

3.8 

6.4 

-ISO 

4-200 

2.0 

2.0 

3.8 

-200 

4.3 

5.0 

10.7 

5-  Experimental  Procedure 

The  procedure  was  relatively  simple.  After  checking 
the  equipment,  a  weighed  amount  of  the  coa]  sample  was 
charged  to  the  fluidisation  tube,  and  the  correct  orifice 
plate  to  cover  the  range  of  air  rates  anticipated  put 
in  position.  The  equipment  was  closed  up.  The  coal 
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sample  was  then  gently  fluidised  to  even  out  the  surface. 

By  manipulation  of  the  control  valves  the  air  rate  was 
increased  in  steps,  allowing  sufficient  time  for  equilibrium 
at  each  step.  A  set  of  readings  consisted  of:- 

1.  Temperature  upstream  of  the  orifice,  °C. 

2.  Pressure  differential  across  the  orifice  plate, 
in.  of  water. 

3.  Static  pressure  downstream  of  the  orifice  plate, 
in.  of  mercury. 

4.  Pressure  differential  across  the  coal  bed,  tube, 
and  supporting  screen,  centimetres  of  water. 

5.  Static  pressure  upstream  of  the  fluidisation 
tube,  centimetres  of  water. 

6.  The  height  of  the  bed,  read  from  a  scale  attached 

to  the  tube,  in. 

7*  Notes  on  the  appearance  of  the  bed. 

The  above  readings  were  taken  after  each  step  change 
of  air  flow  with  the  exception  of  the  temperature  which 
was  taken  every  alternate  reading.  In  addition  to  these, 
for  every  complete  run,  the  weight,  grade,  and  condition 
of  the  coal,  the  size  of  orifice,  the  barometric  pressure 
in  millimetres  of  mercury,  date,  and  time  were  recorded. 

For  a  complete  run  on  any  sample  the  air  rate  was  increased 
in  steps  up  to  and  beyond  fluidisation,  then  reduced  stepwise 
to  zero  and  in  some  increased  again.  A  typical  set 
of  readings  would  be  5  up  to  fluidisation,  6  after 
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fluidisation  as  the  air  rate  was  increased  for  the 
time,  9  as  the  air  rate  was  decreased  to  zero  and  then 
a  further  7  points  a  a  the  air  rate  was  increseprl  ap-ain. 

After  fluidisation  the  hed  height  readings  were 
less  a  COUrate  anrl  when  the  her!  ben-an  to  slug  an  epprox- 
imate  average  was  all  that  could  he  read.  Similarly 
after  fluidisation  the  manometer  levels  would  oscillate 
s]  i  vhtly  and  an  avenao-p  -reedin^  was  determined  bv  eve 
from  the  maximum  end  minimum  values. 

F .  Results  and  their  comparison  with  the  work  of 

previous  investigators. 

The  basic  data  of  this  study  are  the  pressure  drop 
versus  air  rate  plots  for  the  various  samples,  from 
which  the  critical  gas  velocities  are  determined.  All 
the  results  of  air  flow  rate  against  pressure  drop 
when  the  gas  velocity  is  beinv  reduced  are  plotted  in 
Viv.  6  and.  all  the  data  are  tabulated  in  Appendix  A. 

Fie.  7  to  10  show  in  more  detail  all  the  results  on 
specific  samples  plotted  on  arithmetic  paper.  The  general 
fprm  of  the  curves  as  described,  earlier  can  he  seen.  In 
addition  the  influence  of  the  initial  bed  packing  can 
be  clearly  seen  in  Fig.  10  where  the  dashed  line  is  the 
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FIGURE  6. ALL  RESULTS  PRESSURE  DROP  VS.  AIR  FLOW 
RATE  AS  AIR  FLOW  RATE  IS  BEING  REDUCED. 
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COAL  SAMPLE  I  A  T YL E R  SCRE EN  -4  +  8 
FIGURE  7.  PRESSURE  DROP  VS.  AIR  FLOW  RATE 
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COAL  SAMPLE  8AT YLER  SCREE N  -48 +  65 


FIGURE  8.  PRESSURE  DROP  VS.  AIR  FLOW  RATE 
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COAL  SAMPLE  IB  TYLER  SCREEN  -10  (-.4  IN.) 

'lb  ' 

FIGURE  9.  PRESSURE  DROP  VS.  AIR  FLOW  RATE 
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COAL  SAMPLE  3A  TYLER  SCREEN  -10  +  14 
RUN  AS  POURED  IN  FLUIDISATION  TUBE 

FIGURE  10.  PRESSURE  DROP  VS. AIR  FLOWRATE 
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curve  for  the  tod  as  poured.  The  successive  orient¬ 
ation  s  of  the  hot  to  present  a  ^neater  cross-sectional 
pre?  for  flow  can  he  seen  as  sudden  breaks  in  the  plot. 

As  well  as  the  critical  velocity,  several 

other  proportion  of  the  particles  and  air  were  deter¬ 
mined  for  the  narrow  si^e  nangp  samples .  These  were;- 

1.  Density  of  the  bed  at  the  critical  gas 
velocity . 

2.  Bulk  density  of  the  particles. 

3.  True  density  of  the  particles. 

A..  Arithmetic  mean  diameter  of  the  particles. 

5.  Equivalent  diameter  of  the  particles  after 
Van  FTeorr'en  et  al.  (10). 

6.  Density  of  the  air. 

The  procedure  for  determining  each  was  as  follows i- 

1.  Density  of  the  bed  at  the  critical  gas 
velocity. 

The  hea  height  was  plotted  against  the  ga  s  velocity 
as  the  velocity  was  being  decreased.  The  beH  height 
yVie  critical  point  was  then  selected,  and  knowing 
pine  C rO S s  —  se c ti O na  1  anae  of  the  beH  end  the  mass  of 
material  in  it,  this  quantity  was  easily  evaluated. 

2.  Bulk  density  of  the  particles. 

Thp  coal  sample  was  poured,  slowly  into  a  ^00  cc. 
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previously  weighed  measuring  cylinder  tilted  at  30°  to 
the  vertical  until  almost  300  ccs.  were  in,  The  cyl¬ 
inder  was  then  tilted  slowly  the  opposite  way  until 
the  surface  was  at  right  angles  to  the  axis  of  the 
cylinder.  Whilst  holding  it  vertically  the  coal  was 
sprinkled  on  to  bring  the  level  to  the  300  cc.  mark, 
it  was  then  weighed  and  the  bulk  density  calculated. 

3.  True  density  of  the  particles. 

This  was  determined  by  the  usual  displacement 
method  using  toluene  as  the  displaced  liquid.  It  was 
constant  for  all  samples  within  1%, 

4.  Arithmetic  mean  diameter  of  the  particles. 

This  was  obtained  from  the  arithmetic  mean  of 

the  largest  screen  opening  on  which  the  sample  was 
retained  and  the  smallest  through  which  it  would  pass. 

5.  Equivalent  diameter  of  the  particles. 

Van  Heerden  defines  this  as  being  equal  to  the 
diameter  of  those  spheres  for  which  the  number  pen 
unit  volume  of  packed  bed  is  the  same  as  for  the 
particles,  both  counted  at  maximum  porosity.  He  has 
also  shown  that  the  maximum  porosity  of  a  bed  of  spheres 
equals  0.406.  It  follows  then  that  if  n  is  the  number 
of  particles  per  unit  volume  of  bed  at  maximum  porosity 
and  De  the  equivalent  diameter  of  the  particles  in 
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i .  e . 


n  TT  Dd/6  cl-  0.406 

1/3 


De  =  1.04/ 


n 


also  letting 

j? bm  c  density  of  the  bed  at  maximum  porosity,  lbs/cuft. 


and 


m  r  number  of  particles  in 
x  -=•  grams  of  sample 


then , 


and , 


453*59  m^m/x  r  number  of  particles  /  cuft. 

-l/3 

De/12  =  1.04(453.59  m ^m/x) 


which  reduces  to, 


De 


1.623  (x/m^m) 


1/3 


(22). 


Equation  22  was  used  to  determine  De.  The  number  of 
particles  in  a  certain  weight  were  counted,  (repeated 
three  times  for  each  sample)  and  knowing  ^m,  De 
was  calculated.  The  difficulty  in  the  method  (which 
is  most  tedious)  is  in  deciding  when  a  particle  should 
be  neglected  due  to  its  being  very  much  smaller  than 
the  average  particle.  For  instance  a  very  small  per¬ 
centage  of  fine  dust  while  having  a  negligible  effect 
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on  the  fluidising  properties,  will  decrease  the  mag¬ 
nitude  of  De  considerably.  In  general  particles  which 
seemed  to  be  less  than  one  tenth  of  the  average  dia¬ 
meter  were  overlooked. 

6.  Density  of  the  air. 

This  was  evaluated  assuming  the  air  to  be  dry 
usin.p-  the  ideal  e;as  law  and  the  known  pressure  and 
temperature. 

These  properties  together  with  the  critical  gas 
velocities  are  collected  in  Table  6  following.  The 
critical  gas  velocity  is  expressed  in  various  units. 
The  actual  velocity  was  calculated  from  the  volume 
flowing  knowing  the  temperature  and  pressure  at  the 
time  of  the  test.  Particle  Reynolds  numbers  are  also 
calculated  at  the  critical,  basing  them  on  the  two 
different  mean  diameters. 

The  critical  gas  velocity  in  ft/sec.  is  plotted 
against  the  arithmetic  mean  diameter  of  the  particles 
in  inches  on  log-log  paper  in  Fig.  11.  The  slope 
of  the  curve  varies  from  2.0  to  0.5»  i.e.  we  have, 

V  oc  Dpn  2£n^0.5 

This  same  range  of  the  exponent  is  found  when  V  is 
the  free  fall  velocity  of  a  sphere  having  diameter 
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TABLE  6.  Critical  and  other  properties  of  narrow 
size  range  coal  particles. 


Coal 
sample 
no . 

Tyler 

screen 

limits 

Max. 
ins . 

DIAMETERS 

Min.  A.M.  Equiv. 

ins.  ins.  ins. 

CRITICAL  GAS  RATES 

2 

scf/sec.  lbs/hr/ft.  ft/sec. 

REYNOLDS  NOS. 
A.M.  Equiv. 

dia.  dia. 

DENSITIES 
lbs.  per  ft. 3 
gas  bed  bulk 

true 

13A 

-3 

+A 

0.263 

0.185 

0.22A 

0.86 

1A37.0 

5-75 

615.0 

0.069 

AA.l 

87.6 

1A 

-A 

+8 

0.185 

0.093 

0.139 

0.129 

0.60 

1005.0 

A. 28 

267.0 

2A9.0 

0.068 

39.8 

A3- 5 

87.6 

2A 

-8 

+10 

0.093 

0.065 

0.079 

0.0858 

0.  A3 

718.0 

2.92 

108.3 

117.7 

0.0682 

39.65 

1+2.0 

87.6 

3A 

-10 

+1A 

0.065 

0.0A6 

0.056 

0.0628 

0.315 

526.0 

2.10 

56.3 

63.1 

0.0695 

39.5 

1+1.1 

87.6 

AA 

-1A 

+20 

0.0A6 

0.0328  0.039A 

0.0A28 

0.209 

3A8.5 

1.425 

26.25 

28.5 

0.0679 

39.0 

1+0.2 

87.6 

5A 

-20 

+23 

0.0328 

0.0232 

0.023 

0.0301 

0.126 

210.2 

0.8A1 

11.26 

12.1 

0.069A 

39. A 

39.5 

87.6 

6A 

-28 

+35 

0.0232 

0.016A 

0.0198 

0.0211 

0.062 

103.7 

0.A17 

3.925 

A. 135 

0.0689 

3S.9 

38.8 

87.6 

7A 

-35 

+A8 

0.016A 

0.0116 

0.01  A 

0.0136 

0.03 

50.1 

0.203 

1.3A 

1.305 

0.0685 

37.6 

33.0 

87.6 

3A 

-AS 

+65 

0.0116 

0.0082 

0.0099 

0.016 

26.7 

0.108 

0.505 

0.0686 

35.3 

37.2 

87.6 

9A 

-65 

+  100 

0.0082 

0.0058  0.007 
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PARTICLE  DIAMETER  INCHES 

FIGURE  II.  CRITICAL  GAS  VELOCITY  OF  COAL  PARTICLES 

VS.  PARTICLE  DIAMETER. 
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Dp.  The  exponent  2  is  for  purely  streamline  flow, 
and  the  0.5  is  for  fully  turbulent  flow.  This 
graph  then,  lends  itself  to  some  measure  of  linear 
extrapolation  at  either  end. 

For  comparison  with  other  work,  critical  gas  velo¬ 
cities  have  been  evaluated  for  the  narrow  sized  coal 
fractions  by  the  method  of  Leva  et  al.  (15) ,  Eqn.  4; 
Baerg,  Klassen  and  Gishler  (2),  Eqn.  10;  and  Van 
Heerden  et  al.  (9)  (10),  Eqn.  7*  They  are  the  only 
investigators  who  have  covered  this  range  of  particle 
sizes.  No  prior  knowledge  was  assumed  other  than  the 
arithmetic  mean  particle  diameter,  fluidising  gas 
properties,  particle  density,  bulk  density  of  the 
particles  and  the  bulk  density  at  maximum  porosity. 

The  results  of  these  computations,  plotted  in  Fig.  12, 
indicate  that  the  method  of  Van  Heerden  gives  the 
closest  check. 

It  was  not  thought  advisable  to  attempt  further 
treatment  of  this  critical  gas  velocity  data  in  view 
of  the  uniqueness  of  the  system  (coal  particles/air) 
chosen. 

The  three  other  coal  samples  prepared  namely 
-1/16  in.,  -l/&  in.,  and  -1/4  in.  screen  were  checked 
to  see  the  closeness  of  the  comparison  between  exper¬ 
imental  and  calculated  critical  fluidising  velocities. 
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FIGURE  12.  COMPARISON  OF  PRESENT  WORK  WITH  THAT 
OF  OTHER  INVESTIGATIONS. 
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^he  difficult, v  with  sampl  ps  of  such  a  wide  si7,e  ran^p 
is  that  during  the  course  of  fluidisation  fine  materiel 
is  entrained  at,  such  a  rate  as  to  materially  alter  the 
average  diameter,  and  unless  provision  is  made  (as  was 
not  done)  for  returning  entrained  materia]  to  the  bed, 
the  critical  fluidising  velocity  will  depend  on  the  time 
taken  to  complete  the  test.  This  effect  was  so  pro¬ 
nounced  in  the  -1 / 4  in.  and  -l/S  in.  sizes  that  no 
results  could  be  taken.  For  the  -l/l6  in.  size  coal 
the  following  results  were  determined 

A.M.  mean  diameter  —  0.0173  in* 

Predicted  critical  gas  velocity.  ™  0.33  ft. /sec. 

Actual  critical  gas  velocity.  —  0.2$  ft. /sec. 

Since  the  bed  density  at  the  critical  point,  the  true 
density  of  the  coal,  and  the  bulk  density  of  the  coal 
are  known  it  is  possible  to  work  out  the  fraction  voids 
as  a  function  of  particle  diameter.  The  reasoning  is 
as  follows 


(1  -  £mf  £mf  ^f 

|k  :  ■  "r  (1  -  £b  )  ^s  4- ^f 


that  is:- 
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we  can  neglet  f* f  in  comparison  with  ^s  so  we  have 
£  mf  3  1  -  paf / p* 

6b  »  i 

These  computations  have  been  performed  for  each  part¬ 
icle  size  and  are  presented  in  Table  7  below,  and 
plotted  in  Fir.  13 .  The  usefulness  of  these  figures 
depends  upon  the  fraction  voids  penetrated  by  the 
toluene  in  obtaining  ^s.  It  is  a  moot  point  whether 
the  voids  available  for  gas  flow  would  be  the  same 
quantity,  and  increased  penetration  of  toluene  into 
the  coal  would  increase  the  value  of  the  fraction 
voids  calculated.  On  the  other  hand  the  use  of  mer¬ 
cury  as  the  liquid  in  the  determination  of  P*  would 
lead  to  low  values  due  to  air  being  trapped  with  the 


coal  particles. 

TABLE  7.  Void  fractions  in  coal. 


A .M. Particle 
diameter  in. 

Anf 

los/cuft 

/b 

lbs/ cuft 

/As 

lbs /cuft 

£  mf 

€  b 

0.224 

44. 1 

$7.6 

0.497 

0.139 

39.$ 

43.5 

$7.6 

0.546 

0.504 

0.079 

39.65 

42.0 

$7.6 

0.54$ 

0.521 

0.056 

39.5 

41.1 

$7.6 

0.550 

0.532 

0.0394 

39.0 

40.2 

$7.6 

0.555 

0.541 

0.02$ 

39.4 

39.5 

$7.6 

0.551 

0.550 

0.019$ 

38.9 

3$.  $ 

$7.6 

0.556 

0.55$ 

0.01A0 

37.6 

3$.0 

$7.6 

0.571 

0.567 

0.0099 

35.3 

37.2 

$7.6 

0.59$ 

0.576 
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G.  Conclusions . 

1.  The  discrepances  between  the  experimental  curve  of 
critical  gas  velocity  against  particle  diameter  and  those 
obtained  from  the  published  correlations  (page  6l)  are 
quite  serious  and  indicate  the  inadvisability  of  using 
the  correlations  for  systems  other  than  those  studied 

by  their  authors . 

2.  As  indicated  on  page  63,  the  experimental  value  of 
the  true  density  of  the  solid  particles  depends  upon  the 
method  of  determining  it.  Since  this  density  is  used  to 
determine  the  void  fraction  in  the  fixed  and  fluidised  beds, 
the  absolute  values  of  voidage  so  obtained  are  of  doubtful 
significance . 

3.  The  influence  of  the  initial  bed  packing  on  the  point 
at  which  the  pressure  drop  vs.  gas  flow  rate  curve  abruptly 
changes  slope  is  shown  in  Fig.  10,  page  53*  This  illustrates 
the  necessity  of  defining  the  critical  gas  velocity  as  the 
velocity  at  the  abrupt  change  in  slope  when  the  velocity 

is  being  reduced,  since  this  does  not  depend  upon  the  initial 
bed  packing. 
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Tab!  e  of  Nomenclature  for  Part,  ]  ,  Sections  R ,  G  and  F. 


A 

Grosp-opctionp  1  area  of  tho  fluidised  bar). 

ft.9 

R 

Particle  shape  factor. 

No  dimensions 

n 

p 

Particle  diameter. 

ft. 

f 

Friction  factor. 

No  dimensions 

fF 

Friction  factor  f  on  fixed  bad. 

No  dimensions 

fR 

Friction  factor  for*  fluidised  bad. 

No  dimensions 

G 

Superficial  mass  velocity. 

lb . /ft . 9 sec . 

Gmf 

Superficial  mass  velocity  at  the 
critical  point. 

lb . /ft . 9sec . 

cr 

Gravitate  oral  acceleration . 

ft . /sac . 

k 

Constant  in  equation  of  Leva  at  al. 

No  dimensions 

L 

Wp>i  o*ht  ef  bed  . 

O 

ft. 

M 

Mass  of  fluidised  bed. 

lb. 

n 

State  of  flow  factor. 

No  dimensions 

s 

Specific  surface  of  the  particles. 

ft . 9 /ft . 3 

V 

Superficial  mas  velocity^ 

ft. /sec. 

■  Vmf 

Superficial  mas  velocity  at  the 
critical  point. 

ft . /sac . 

Vts 

Fres  fall  velocity  of  a  particle. 

f  t .  ./sec  , 

AP 

Pressure  drop. 

cv 

• 

-p 

<4-i 

♦ 

po 

1 — 1 

Ad 

Pressure  drop. 

poiffndals /ft . 

Void  fraction  (v@n dame 9 fraction  voids). 

No  dimensions 

€ 

Void  fraction  in  a  stationary  bed. 

No  dimensions 

£rq  f 

Void  fraction  at  the  critical  "•as  velocitv. 

No  dimensions 

A 

Particle  shape  factor. 

No  dimensions 
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/* 


Pf 

P° 

(j?  c 


Fluid  viscosity. 

Bulk  density  of  particles. 

Bulk  density  of  fluidised  particles  at 
the  critical  velocity. 

Density  of  fluid. 

True  densitv  nf1  solid. 


.1  h .  /ft .  sec . 
lb. /ft. 3 

lb . /ft . 3 
lb. /ft. 3 
lb .  /ft . 3 


Shape  factor  of  particles. 


Mo  dimensions. 


Ui  mpnci  onl  PSS  yr*npps. 


B1  bi .ake  number. 


/??  -  A 

h 


Dp 


Rec 

Reo 

Ren 


Dimensionless  ^roup  used  by  Wilhelm  Dp3  Pf  p- 

a  n  d  Kwa.  uk .  (26).  ;  / 

Dimensionless  01  roup  used,  by  Wilhelm  Dp3  Pt  y 
and  Kwauk.  (2.6).  '  S.P- 


Reynolds  number  as  modified  by  Carman(4)»  ff  J 


UlP./L) 

(ft  -  ft) 


Reynolds  number  at  the  critical 
fluidisiny  velocity. 

Reynold!  number  of  the  particles. 


Vmf  ftp  Dp  I 

V  ftp  Dp  /JUL 
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PART  2.  CARBONISATION  OF  COAL  IN  A  FLUIDISED  BED. 

A.  The  low  temperature  carbonisation  of  coal. 

When  coal,  which  though  classed  as  a  rock  is  of 
omnic  origin,  is  heated  in  the  absence  of  air  it  is 
partially  decomposed  into  a  number  of  volatile  materials. 
The  nature  of  these  materials  and  the  solid  carbonaceous 
material  remaining  depends  upon  the  type  of  coal,  the 
temperature  to  which  it  is  heated,  and  the  rate  at  which 
it  is  heated.  In  general  two  types  of  carbonisation, 
as  this  process  is  termed,  are  recognised,  viz.  low 
temperature,  in  the  range  AS0-700°C  and  high  temperature 
in  the  ran^e  900-1200OC.  The  important  products  from 
high  temperature  carbonisation  are  the  solid  residue 
(coke)  which  is  suitable  for  smelting  and  the  gas  which 
is  important  as  a  fuel.  The  liquid  products  are  usually 
classed  as  a  bv-nroduct. 

In  low  temperature  carbonisation  on  the  other  hand 
the  object  usually  is  to  upgrade  a  low  heating  value 
coal  and  at  the  same  time  produce  a  higher  yield  of 
liquid  compounds  than  is  obtained  from  the  high  tempera¬ 
ture  process.  However,  the  yield  of  gas  is  much  lower 
and  in  o-enera.1  is  not  sufficient  to  provide  the  heat 
necessary  for  carbonisation .  The  liquid  products  other 


than  water  from  low  temperature  carbonisation  consist 
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mainly  of  aromatic  andnftfiilithenic  compounds  which  form 
a  viseful  starting  point  for  an  organic  chemical  industry. 
The  solid  residue  (semi -coke)  is  usually  of  high  react¬ 
ivity  and  is  more  suitable  as  a  fuel  than  the  parent 

coal. . 

Prom  an  engineering  stand-point  the  problem  in 
low  temperature  carbonisation  has  been  to  supply 
heat  to  the  coal,  charge  at  a  sufficiently  high  rate 
without  at  the  same  time  overheating  a  part  of  the 
coal.  This  has  la(j[  in  the  past  to  a  multiplicity  of 
designs  for  mechanically  stirring  and  moving  the  coal 
charge  over  the  boat  transfer  surfaces,  which  have  not 
been  too  sucessful.  The  use  of  a  fluidised  bed  is  an 
apparent  solution  to  this  problem  and  is  at  present 
beinv  studied  ext en s i velv . 


R •  Properties  of  Alberta  Coals . 

As-  shown  by  the  accompanying  coal  map,  Fig.  1A, 
the  coals  of  Alberta  fall  into  several  different  class¬ 
ifications,  and  each  type  is  distributed  in  a  band  roughly 
parallel  to  the  Rocky  Mountains.  Goal  is  material  of 
oro-nnic  orivin  which  has  been  changed  by  the  loss  of 
hydrogen  and  oxygen.  The  main  factors  which  bring  about 
this  change  are  a^e,  heat  and  pressure.  The  latter 


_ 


n 


f  :i 


'  ) 


1 


i  .  w  ■  c 


s;  i 


-  v.  _■  j  c  .  . 


.  W  V,  . 


C  J  J  C  -X. 


. 


X 


I. 


, 


- 


i  . . 


j 


-  69  - 


FIGURE  14 


Cjlal  M^p  of  Alberta. 
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are  more  important  in  the  maturing,  as  it  is  called, 
than  the  former.  It  will  be  appreciated  then  that  the 
nearer  a  coal  lies  to  the  Rocky  Mountains  the  more 
pressure  it  has  been  subjected  to.  It  is  for  this 
reason  that  the  coals  lie  in  bands  and  that  the  rank , 
which  is  the  degree  of  transformation  of  the  coal  from 
plant  materia]  to  the  present  dav  limit  of  anthracite 
increases  from  east  to  west. 

The  system  of  classification  adopted  in  Canada  is 
that  outlined  in  A.S.T.M.  D3S3-3S  and  is  a  classification 
by  rank.  In  this  classification,  high  rank  coals  are 
ranged  in  order  of  the  percentage  of  fixed  carbon  in 
the  dry  mineral  matter  free  coal.  The  greatest  carbon 
is  the  highest  rank.  In  the  lower  ranks  the  classifica¬ 
tion  is  based  on  the  calorific  value  of  the  mineral 
matter  free  coal,  but  with  water  as  it  occurs  in  the 
seam.  There  are  secondary  classifications  based  on 
the  weathering  and  coking  properties  of  the  coal. 

The  greatest  coal  production  in  the  province  occurs 
in  the  north  south  region  running  through  Edmonton, 

Drumheller,  and  Taber.  These  coals  are  not  the  highest 
quality  mined  in  the  province  but  are  the  most  accessible. 

In  the  A.S.T.M.  classification  they  are  subbituminous 
B  i.e.  they  have  a  moist  calorific  value  between  9 >500 
and  11.000  B.T.U./lb.  and  are  weathering  and  non-agglomer-  y 
ating  (non-coking).  Some  typical  analyses  of  this  type 
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of  coal  are  viven  below,  Table  3  taken  from  [21+) . 

Table  3.  Typical  properties  of  Alberta  subbituminous 
B  coals. 


District 

Moisture 

% 

Ash 

'  % 

V.M. 

% 

F.C . 

% 

C.V. 

gross 

B.T.U./lb. 

Edmonton  B 

25.0 

6.2 

23. 1+ 

1+  0  •  1+ 

3,360 

Drumheller  A 

13.0 

6.6 

31.2 

1+1+ .  2 

10,020 

Taber  A 

15.3 

10.2 

31.5 

1+  3.0 

9,500 

These  coals  do  not  coke  on  heating  and  lend 
themselves  admirably  to  upgrading  by  low  temperature 
carbonisation.  They  also  have  poor  weathering  properties 
but  since  they  have  to  be  crushed  before  fluidised 
carbonising,  this  is  no  disadvantage.  Accordingly 
these  subbituminous  coals  as  mined  near  Edmonton 
were  chosen  for  the  initial  runs  of  the  carboniser. 

For  an  exhaustive  treatment  of  the  occurrence, 
analysis  and  utilisation  of  Alberta  coals,  the 
appropriate  reference  [21+)  should  be  consulted. 


C .  Equipment  ijjesign . 

The  design  details  concerning  the  carboniser, 
carboniser  heater,  and  related  equipment  appear  in 
Appendix  B.  The  following  discussion  concerns  only 
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the  flow  plan  and  significant  dimensions. 

The  unique  properties  of  the  fluidised  bed  which 
lend  themselves  to  the  low  temperature  carbonisation 
of  coal  arp,  ease  of  solids  handling  permitting  con¬ 
tinuous  operation,  and  high  heat  transfer  rates.  For 
small  scale  plants  such  as  this  the  solids  handling 
techniques  of  oil  catalytic  cracking,  involving  fluidised 
transfer  lines,  specially  designed  slide  valves,  and  a 
multiplicity  of  gas  injection  points  etc.  are  not  easily 
scaled  down.  It  was  therefore  decided  to  use  a  screw 
feeder  to  inject  coal  into  the  base  of  the  fluidised 
bed  and  to  allow  the  carbonised  coal  to  overflow  down 
a  central  pipe  into  a  hopper  below. 

There  are  four  possibilities  for  transferring  heat 
to  the  bed,  firstly  in  the  fluidising  gas,  secondly 
by  injection  of  heated  particles,  thirdly  by  partial 
combustion  of  the  coal  charge,  and  fourthly  through 
the  walls  of  the  retaining  vessel.  The  first  was  rejected 
because  of  the  low  rates  which  could  be  obtained  with 
practical  fluidising  velocities  and  the  second  because 
of  the  solids  handling  problem,  though  in  a.  commercial 
plant  -this  would  be  quite  feasible.  It  is  not  known 
whether  the  third  method  affects  the  tar  and  light 
oil  yields,  it  will  certainly  affect  the  gas  composi¬ 
tion,  the  fourth  method  was  therefore  decided  upon. 

The  heat  transfer  coefficients  from  a.  fluidised 


-  73  - 


bed  to  the  wall  are  quite  high  ranging  from  20  to  100 
B.T.U./ft.2  hr.  °F.  It  was  decided  to  take  advantage 
of  this  fact  not  only  for  heat  transfer  from  the  wall 
to  the  carbonising  fluidised  bed  but  also  from  a  fluid¬ 
ised  bed  supplying  heat  to  the  wall.  Before  proceeding 
with  this  design,  however,  it  was  decided  to  determine 
the  ease  with  which  a  fluidised  bed  could  be  used  as 
a  source  of  heat,  and  the  fuel  chosen  was  naturally 
coal  or  coke.  A  furnace  was  accordingly  constructed 
as  in  Fig.  15,  from  3  in.  pipe.  Two  pounds  of  -20*30 
Ottawa  sand  were  first  charged  to  the  bed  and  fluidised 
with  air.  The  bed  was  then  heated  through  the  wall 
below  the  lagging  using  a  welding  torch.  It  was  found 
after  some  experimentation  that  after  the  temperature 
of  the  fluidised  bed  reached  1200°F,  -l/l6  in.  mesh  coal 
could  be  injected  and  the  outside  heat  source  removed. 
The  bed  remained  fluidised,  the  coal  burnt  practically 
instantaneously  and  the  temperature  could  be  controlled 
by  the  amount  of  coal  added.  This  particular  furnace 
was  kept  at  1500  -  1600°F.  for  a  considerable  length 
of  time.  It  was  therefore  decided  to  adopt  this  method 
to  heating  the  carbonisation  reactor  and  to  use  natural 
gas  to  bring  the  sand  bed  to  temperature  before  commenc¬ 
ing  coal  injection.  Previous  studies  had  shown  that 
coal  crushed  to  -1/16  in.  mesh  would  be  most  suitable 
for  fluidisation.  The  only  other  major  decision  was 
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FIGURE  15.  FLUIDISED  COAL  BURNER. 
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the  nature  of  the  gas  to  be  used  to  fluidise  the  coal 
and  the  proposed  through-put.  It  was  agreed  that 
60  lb. /hr.  of  coal  as  received  would  yield  sufficient 
quantities  of  products  for  extensive  tests,  this  was 
accordingly  adopted,  and  it  was  decided  to  use  the 
dry  gas  from  the  carbonisation  after  product  recovery 
to  fluidise  the  coal,  which  would  minimise  losses  of 
low  boiling  liquids  from  the  system.  However,  this  does 
not  preclude  the  use  of  air  involving  actual  heat  release 
by  combustion  in  the  fluidised  bed,  or  the  use  of  an  inert 
gas  such  as  nitrogen,  at  a  later  date.  The  complete 
flow  sheet  of  the  equipment  is  indicated  in  the  attached 
Fig.  16.  .Some  photos,  plates  1  to  VI,  give  an  idea  of 
the  physical  layout,  and  an  enlarged  drawing  of  the 
carboniser  and  heater  appears  in  Fig®  17®  In  discussing 
the  equipment  reference  will  be  made  to  this  last  figure 
and  the  simplified  flow  sheet  of  Fig.  18. 

Referring  to  Fig.  17*  the  carboniser  and  carboniser 
heater  are  built  as  a  unit  constructed  of  two  sections 
bolted  together.  The  inner  6  in.  diameter  tube  with  a 
10  in.  disengaging  section  above  is  the  carboniser  proper. 
Both  the  carboniser  and  the  outer  shell  are  constructed 
of  3/16  in.  type  316  stainless  steel.  The  two  cover  plates 
are  mild  steel.  The  raw  coal  hopper  and  screw  feeder 
are  connected  to  the  carboniser  through  a  flexible  bellows 
so  they  may  be  continuously  weighed  on  a  platform  scale. 
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FIGURE 


16 


Complete  Flow  Sheet. 


TO  ATMOSPHERE  — 


AiR 


-X- 


GAS 


!  PG. 


© 

^  AIR 

RECEIVER 

WATER 

SEPARATOR 

r 

i,\  START  -  UP 

£r  CONDENSER 

y 

F 

- 1 - * 

I  lLC.1 


F] 


-oo- 


B 

* 


X 


I' 

SEMI- COKE 
RECEIVERS 


1  RG. 

WASTE  GAS 

H.P  STEAM 

WATER 

-LEGEND- 

— [X] _  globe  valve 

GATE  0R  COCK  VALVE 
_|//)_  CHECK  VALVE 


!| _  ORIFICE  PLATE  IN  UNION 


INDICATING  PRESSURE  GAUGE 


MOUNTED  ON  PANEL  BOARD 


GAS  HOLDER 


SEWER 


-  77  - 


PLATE  1.  General  view  of  the  Equipment. 

Enom  centre  to  left  are  seen,  the  carboniser  and 
heRt,pr,  no?.  1,  2  and  3  condensers,  the  tar  fog  filter, 
and  nos.  2  and  3  absorbers.  On  the  extreme  right  is 
the  p-as  holder  with  the  panel  board  between  it  and  the 
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PLATE  11.  General  view  of  the  Panel  Board. 

The  right  tend  side  is  devoted  to  the  carboniser 
and  heater  control,  the  left  hand  side  to  product 


recoverv  control 
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PLATE  111.  Rear  of  Panel  Board. 

In  the  centre  is  isjhe  fluidising  gas  recirculating 
blower,  on  the  right  are  tbe  gas  meter  and  traps.  The 


line  on  the  right  comes  from  no.  3  absorber 
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PLATE  IV.  Heater  end  Heater  Feed  Hopper*. 

The  lower  part  of  the  heater  feed  hopper  can  be 
seen  on  the  right,  joined  by  the  screw  feeder  to  the 
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PLATE  V.  Coal  Feed.  Hopper. 

The  coa.3_  feed  hopper,  screw  feeder  and  its  drive 
?ro  all  mounted  on  the  platform  scale.  The  flexible 
metal  coupling  can  lust  he  seen  below  the  union  at  the 
left.  In  the  foreground  are  the  product  transfer  lines. 
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PLATE  VI  Semi-coke  -receivers. 

At  the  top  can  he  sepn  the  lower  half  of  the 
semi-cfke /eras  heat  exchanger  dirt  ending  from  the  carbor- 
iser  above.  Below  this  is  the  two  way  flap  valve 
leading  to  the  semi-coke  receivers. 
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FLUIDISED  COAL  CARBONISATION 


from  fhe  screw 


The  coal,  ground  to  -1 /l6  in.  mesh  drops 
feeder  down  a  1  in.  pipe  to  about  3  in.  above  the  support¬ 
ing  eereen  for  the  fluidised  bed.  Sufficient  mss  is 
injected  info  the  coal  hopper  and  the  screw  feeder  to 
prevert  flow  of  carbonisation  products  back  alone-  the 
teed  lire,  and  to  ensure  that  the  coal  is  not  carbonised 
in  the  Toed  inlet  pipe.  The  coal  is  carbonised  in  the 
fluidised  bed  and  the  semi-coke  flows  down  through  the 
central  1  in.  pipe  which  is  also  sealed  b^7"  an  upward  flow 
of  o-ap.  This  pipe  which  is  attached  at  its  lower  end  to 
a  finned  tube  heat  exchanger*  terminates  just  above  the 
screen  supporting  the  bed  in  a  screwed  coupling,  diff¬ 
erent  1 ength  sections  can  then  be  screwed  in  from  the  top 
to  vary  the  height  of  the  bed.  From  the  base  of  the  heat 
exchanger  th^  ^emi-coke  passes  through  a  two  way  flap 


valve  to  one  of  two  semi-coke  receivers.  The  fluidising 
gas  passes  up  the  outside  of  the  finned  tube  which  is 
supported  in  a  3  in.  standard  pipe  screwed  into  the  base 
of  the  carboniser.  If  is  heated  by  the  hot  semi-coke 
pa s s ir V  down  through  the  centre,  and  passes  up  through 
the  supporting  screen  which  consists  of  a  lower  3./$  in. 
stainless  steel  plate  drilled  with  l/f  in.  hnle^  to 
which  is  wired  a  100  mesh  stainless  steel  screen.  The 
whole  assembly  rests  on  a  stainless  ring  welded  to  the 
inside  of  the  6  in.  tube.  The  products  of  carbonisa tion 
pass  up  through  the  disengaging  section  and  a  cyclone 
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where  the  remaining  entrained  solids  are  removed.  The 
solids  are  returned  to  the  bed  and  the  products  pass 
out  to  the  recovery  section. 

The  heater,  which  consists  of  a  12  in.  diameter 
shell  with  a  16  in.  diameter  disengaging  section  above 
it,  is  concentric  with  the  carboniser.  The  base  is 
a  3/4  in.  mild  steel  plate  sealed  around  the  6  in.  tube 
with  packing  and  a  packing  follower  ring.  Six  l/l+  in. 
air/^as  inlet  ports  are  mounted  in.  the  base.  The  sup¬ 
porting  screen  for  the  heater  is,  like  the  carboniser 
screen,  constructed  of  a  3/S  in.  stainless  steel  plate 
drilled  with  l/4  in.  holes  with  a  100  mesh  stainless 
screen.  The  assembly  is  forced  up  against  a  ring  welded 
around  the  outside  of  the  shell  by  threaded  stainless 
rods  projecting  through  and  up  from  the  bottom  cover 
plate.  Wear  plates  of  l/S  in.  stainless  steel,  lg  in. 
diameter,  are  mounted  3  in.  above  each  burner  port. 
Semi-coke  for  fuel  is  injected  directly  into  the  fluidised 
bed  by  a  screw  feeder  which  is  also  sealed  by  a  flow  of 
air.  The  products  of  combustion  pass  up  through  the  dis¬ 
engaging  space  where  sand  and  unburnt  coke  are  separated, 
through,  two  cyclones  to  waste. 

Temperatures  are  measured  by  two  thermocouples  in 
the  fluidised  bed  of  the  carboniser  and  one  in  the  dis¬ 
engaging  space,  three  in  the  heater  bed  and  one  in  its 
disengaging  space. 
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The  products  of  carbonisation  can  taka  two  routes. 
During  etart  no  and  when  a  run  is  not  in  progress  they 
pass  to  the  start-up  cnnHenaar  where  the  tars  are  condensed 
by  direct  contact  with  a  water  spray.  The  gases  are  fur¬ 
ther  washed  with  water  in  a  ?  ft.  hed.  of  1/4  in.  Raschig 
nin^s  before  roino-  to  waste. 

During  a  run  the  carbonisation  products  pass  in  series 
through  an  air  cooled  condenser  consisting  of  a  two  inch 
tube  inside  a  6  ft.  length  of  3  in.  pipe  and  two  water  cool¬ 
ed  condensers  consisting  of  a  shell  made  from  4  ft.  of  4  in. 
pipe,  and  tube  bundles  made  from  20  ft.  of  l/2  in.  copper 
tube  in  a  6  pass  trombone  arrangement.  Water  is  on  the 
tube  side.  Provision  is  made  for  heating  the  water  on  the 
first  of  these  coriteiisers  so  as  to  effect  a  partial  sep¬ 
aration  of  the  constituents. 

Provision  is  made  to  pass  the  uncondensed  gases  from 
the  last  condenser  through  a  glass  wool  tar  fog  filter  to 
a  series  of  three  absorbers.  The  first  together  with  its 
liquid  trap  is  constructed  of  Lucite  and  is  packed  with 
l//t  in.  canton  Raschio*  rinr^  and  is  designed  for  treating 
the  gas  with  acid  solution  to  remove  ammonia;  the  second 
is  of  3  in.  diameter  steel  pipe  and  is  packed  with  about 
3  ft.  of  l/4  in.  carbon  Raschig  rings  and  is  for  use  with 
caustic  soda  solution  for  removing  acid  gases;  the  third 
is  5  ft.  of  3  in.  steel  pipe  packed  with  silica  gel  to 
absorb  light  oil  vapours  from  the  gas. 


This  last  absorber 
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can  be  steamed  out  and  the  products  recovered  in  the  third 
condenser. 

'Phe  drv  p-as  from  the  last  absorber  is  recycled  with 
a  p-as  pump  through  the  semi-coke  heat  exchanger  and 

the  fluidised  carboniser.  Provision  is  made  for  taking 

^ — > 

continuous  and  spot  samples  of  the  drv  gas  and  the  excess 
is  exhausted  through  a  meter  to  waste. 
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D •  Results. 

Runs  1  to  4  are  described  in  Appendix  C  attached  to 
this  thesis.  No  attempt  was  made  in  these  four  runs  to 
collect  samples  or  obtain  a  material  balance.  In  runs 
5  and  6,  this  was  attempted,  and  the  results  though  not 
entirely  satisfactory  are  presented  in  this  section. 

The  complete  runs  are  described,  the  analyses  of  feed 
and  products  are  tabulated,  the  operating  variables  are 
summarized  and  the  material  balance  for  each  run  is  pre¬ 
sented.  In  both  runs  the  coal  feed  from  the  Edmonton 
beds  had  been  crushed  to  -1/16  in.  mesh,  and  the  carbon- 
iser  bed  height  was  set  at  2  ft. 

Run  5*  March  20,  1956,  10.45  am.  to  4«0?  pm. 

The  carboniser  heater  was  brought  up  to  600°C.  in 
2i  hours,  using  natural  gas  and  air.  The  gas  was  then 
shut  off  and  semi-coke  injeeted  into  the  fluidised  sand 
bed.  Some  oxygen  was  also  used.  The  coal  feed  to  the 
carboniser  was  started  at  1.45  pm.  but  the  inlet  line 
filled  with  coal  due  to  the  purge  gas  line  into  the  coal 
inlet  pipe  being  plugged  with  coal  dust.  The  coal  inlet 
pipe  was  cleaned  out  using  a  compressed  air  lance  and 
coal  feed  resumed  satisfactorily  at  2.05  pm.  Both  the 
carboniser  and  heater  temperatures  dropped  by  about  100°C. 
but  after  half  an  hour  they  had  steadied  out.  The 
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equipment  ran  steadily  for  a  further  half  hour  and  a 
timed  run,  which  lasted  one  hour,  was  started  at  3»07  pm. 
By  the  end  of  the  run  the  pressure  drop  from  the  outlet 
of  the  carboniser  to  the  outlet  of  no.  2  condenser  had 
risen  to  5  in.  of  mercury,  indicating  blocking  in  the 
lines.  The  equipment  was  therefore  shut  down. 

During  the  one  hour  run,  the  coal  feed  and  semi- 
coke,  liquid,  and  gas  products  were  all  measured.  There 
was  a  build  up  of  semi-coke  in  the  carboniser  as  indicated 
by  an  increase  in  the  pressure  drop  across  it  during  the 
one  hour  run.  This  was  easily  allowed  for  knowing  the 
cross-sectional  area  of  the  carboniser  bed.  Temperature 
conditions  during  this  run  can  be  seen  in  Fig.  19. 

Shut  down. 

The  product  transfer  lines  and  condenser  train  were 
full  of  coal  dust  and  tar,  they  were  washed  clean  with 
steam  and  water  followed  by  air.  Provision  was  made  to 
record  the  semi-coke  temperature  at  the  outlet  from  the 
semi-coke/gas  heat  exchanger. 

Run  6.  March  23#  1956,  9.00  am.  to  1.56  pm. 

Heating  proceeded  smoothly  and  the  burner  port  was 
shut  at  10.45  am.  when  the  sand  bed  fluidised  evenly  with 
an  average  temperature  of  550°C.  Semi-coke  feed  was 
started  at  10.55  am.  and  the  natural  gas  shut  off.  The 
bed  increased  from  575  to  6g0°C.  in  15  minutes  without 
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the  aid  of  oxygen,  and  at  this  point  coal  feed  was  intro¬ 
duced  into  the  carboniser.  From  11.10  am.  until  the  end 
of  the  run  conditions  were  steady  with  the  exception  of 
two  surges  of  coal  into  the  carboniser  which  decreased 
temperatures  temporarily.  During  all  this  time,  however, 
the  pressure  drop  from  the  outlet  of  the  carboniser  to 
the  outlet  of  no.  2  condenser  would  build  up  and  then 
suddenly  decrease  due  to  intermittent  blocking  of  some 
line.  The  first  timed  run  was  started  at  12.10  pm.  but 
was  abandoned  owing  to  the  first  surge  in  the  coal  feed 
which  brought  the  carboniser  temperature  down  from  675 
to  510  °C. 

After  the  temperatures  had  remained  steady  for  one 
hour,  a  second  timed  run  was  started  at  1.22  pm.  There 
was  a  surge  in  the  coal  feed  at  one  point  resulting  in 
the  carboniser  temperature  dropping  from  625  to  590°C. 

This  run  was  terminated  at  1.56  pm.,  since  the  pressure 
drop  from  the  outlet  of  no.  2  condenser  was  in  danger  of 
blowing  the  manometer.  The  temperature  conditions  during 
Run  6  are  presented  in  Fig.  20. 

Shut  down. 

As  was  expected  the  product  transfer  line  and  the 
condensers  were  full  of  coal  dust  and  tar.  It  was  decided 
to  clean  each  section  separately  and  determine  the  weight 
of  material  in  each.  This  was  done  and  the  following 


amounts  found:- 
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Carboniser  Heat.pn 


Carboniser  Bed 

Heater  Off  Gas 

Carboniser  Off  Gas 


Outlet  No.  1  Condenser 
Carboniser  Gas  Inlet 

Semi-coke  px  Heat  Exchanger 

Outlet  No.  2  Condenser 


F  10 


Temperature  Conditions  during  Run  6 
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Product  transfer  line 
and  no.  1  condenser 

Line  no.  1  to  no.  2  condenser 

No.  2  condenser 

Line  no.  2  to  no.  3  condenser 

No.  3  condenser 

Tar  fog  filter 

Total  weight 


3*5  lb.  Coal  dust 
0.7  lb.  Tar  and  coal 
7*3  lb.  Tar  and  coal 
0.6  lb.  Liquid 

0.7  lb.  Liquid,  tar  and  coal 
1.7  lb.  Liquid  and  tar. 

14.5  lb. 


Analyses 


Table  9.  Screen  analyses  of  coal  feed  and  semi -coke. 


Tyler  Mesh 

Coal  Feed 

Runs  5  and  6 

% 

Semi-coke 
Run  5 
% 

Semi-coke 
Run  6 
% 

+10 

0.4 

0.2 

0.4 

-10  +14 

1.6 

1.0 

1.5 

-14  +20 

13.1 

14.0 

15.4 

-20  +23 

13.5 

22.0 

22.1 

-23  +35 

15.1 

13.3 

13.9 

-35  +48 

13.5 

14.1 

15.3 

-4S  +65 

3.3 

10.3 

9.5 

-65  +100 

7.1 

6.9 

7.5 

-100  +150 

6.0 

6.0 

6.0 

-150  +200 

2.5 

3.2 

1.9 

-200 

3.3 

4.0 

1.5 
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Table  10.  Proximate  analyses  of  Coal  Feed  and  Semi-coke 


Coal  Feed 

Runs  5  and  6 
as  received 

Ash 

% 

9.07 

V.M. 

% 

33.33 

F.C. 

39.69 

Moisture 

% 

17.91 

Coal  Feed 

Runs  5  and  6 
dry  basis 

11.0 

40.6 

4^*4 

21. a 

Semi-coke 

Run  5 

as  received 

15.34 

7.31 

76.68 

0.69 

Semi-coke 

Run  5 
dry  basis 

15.45 

7-35 

77.2 

0.70 

Semi-coke 

Run  6 

as  received 

14.29 

9.40 

75.65 

0.66 

Semi-coke 

Run  6 

14.39 

9.46 

76.15 

0.67 

Table  11.  Gross  Calorific  Value  of  Coal  Feed  and 
Semi-coke.  B.T.U./lb. 


Dry  Basis  As  Received 


Coal  Feed,  Runs  5  and  6 

11,450 

9,400 

Semi- coke.  Run  5 

12,640 

12,550 

Semi-coke,  Run  6 

12,500 

12,400 
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Table  12.  Analysis  of  liquid  product,  run  5. 


Tar  (by  decantation)  4$ 

Specific 

gravity 

1.036 

Aqueous  liquor  96$ 

Specific 

gravity 

1.01 

Tar  distilled  to  350°C 

65$ 

OH  content  of  the  tar 

4-4  $ 

Composition  of  the  tar 

Saturates  3*2$ 
Olefins  £.6 % 
Aromatic  45*0$ 
Others  44.0$ 

Table  13 •  Orsat 

analyses  of 

gaseous 

products. 

Run 

5 

Run 

6 

3.14  pm* 

3.27  pm. 

1.25  pm. 

1.50  pm. 

0 

0 

M 

23.3 

13.5 

25.2 

27.0 

Unsaturates 

26.6 

34.9 

36.0 

41.4 

°2 

2.7 

4 » S 

4.4 

3.3 

CO 

2.7 

2.7 

0.5 

0.3 

H2 

26.  3 

19.0 

3.6 

4.4 

Paraffins 

10.7 

21.2 

10.3 

11.3 

Paraffin  H/C  ratio  3*72 

3.71 

3.32 

3.31 

N2  by  difference 

6.7 

3.9 

14.5 

11.3 
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Table  14*  Operating  variables,  runs  5  and  6 


Run  5  Run  6 

Duration  of  run  60  min.  34  min. 

o 

Temperatures  C 

Heater  725  710 

Heater  off  gas  610  5&5 

Carboniser  650  620 

Carboniser  off  gas  535  475 

Gas  inlet  heat  exchanger  35  3# 

Gas  outlet  heat  exchanger  165  175 

Semi-coke  outlet  heat 

exchanger  -  125 

Outlet  no.  1  condenser  150  165 

Outlet  no.  2  condenser  35  60 

Pressures  in.  Hg 

Inlet  carboniser  4*0  9*0 

Inlet  heater  6.0  4.0 

Suction  gas  recirculating 

blower  0.4  0.2 

Pressure  Drops  in.  Hg 

Carboniser  bed  0.75  0.7 

Heater  bed  2.1  l.d 

Outlet  carboniser  to 

outlet  no,  2  condenser  2.3  7*5 

Outlet  no.  2  condenser 

to  outlet  tar  fog  filter  0.2  0.3 

Outlet  tar  fog  filter  to 

suction  of  blower  0,1  0.5 


Flows 


Carboniser  fluidising  gas 
cuft./min.  at 
and 


0.67  0.71 

15*6  psia  13.0  psia 
35°C  37  C 
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Table  11+.  Operating  variables,  (continued) 


Duration  of  run 


Flows. 


Air  to  heater  scfm. 
(70°F.  and  14»7  psia ) 

Gas  through  meter  cuft. 
(700  mm.  and  20°C.) 

Purge  gas  cuft. /min.  @ 
700  mm.  and  £0°F. 
Coal  inlet 
Semi-coke  outlet 
Heater  feed 

Coal  feed  rate 


Heater  feed  rate 


Run  5 
60  min. 

21.2 

27.7 

0.75 

0.15 

0.25 

40  rpm. 

42  lb. 

9.6  rpm. 


Run  6 
34  min. 

15.8 

35*3 

0.84 

0.12 

0.25 

40  rpm. 

24  lb . 

5.5  rpm. 


Material  Balances. 

Using  the  previous  tabulated  data  the  following 
material  balances  have  been  drawn  up. 


Run  5« 

1  hour  basis 


Coal  Feed  42.0  lb. 

Semi-coke 

15.8  lb 

Liquids 

5.5  lb 

Gas 

2.0  lb 

42.0  lb. 

23.3  lb 

Unaccounted 

for  18.7  lb. 

Notes:  The  semi-coke 

product  is  composed  of 

recovered  in  the  receivers  and  a  3*3  lb.  build 
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up  in  the  carboniser  bed.  The  residues  of  tar 
and  coal  dust  in  the  condenser  train  were  not 
weighed  after  this  run.  They  would  probably 
account  for  the  l£.7  lb. 


Run  6. 

1  hour  basis 

Coal  Feed  42.5  lb.  Semi-coke  10.6  lb. 

Liquids  6.5  lb. 

_______  Gas  4.4  lb. 

42.5  lb.  21.5  lb. 

21.5  lb. 

Unaccounted 

for  21.0  lb. 

Notes:  After  the  end  of  this  run,  14*5  lb.  of  material 

were  removed  from  the  condenser  train  and  trans¬ 
fer  line.  This  was  collected  in  an  indeterminate 
time,  but  it  is  more  probable  that  the  major 
portion  was  deposited  there  during  the  timed 
portion  of  the  run  since  the  pressure  drop  from 
the  outlet  of  the  carboniser  to  the  outlet  of 
no.  2  condenser  was  fluctuating  more  severely 
at  this  time.  Had  11.9  lb.  of  this  material 
been  deposited  during  the  34  minutes  of  run  6, 
this  would  account  in  full  for  the  21.0  lb.  dis¬ 
crepancy. 

In  view  of  the  uncertainties  connected  with  the  mat¬ 
erial  balances  no  attempt  has  been  made  to  check  the  heat 

balances. 
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E.  Conclusions ♦ 

1 .  The  data  obtained  on  the  low  temperature  carbonlser 
indicate  in  a  qualitative  way  that  the  equipment  will  work 
satisfactorily.  One  encouraging  feature  of  these  runs 
has  been  the  ease  of  control  of  the  heater,  which  responds 
rapidly  to  changes  in  the  air  rate,  and  which  seems  to  have 
sufficient  capacity  to  smooth  out  rapid  changes  in  the  heat 
load . 

2.  The  semi-coke/gas  heater  has  demonstrated  the  feasibility 
of  indirect  solid  gas  heat  exchange  in  small  scale  units  of 
this  type.  It  is  felt  that  the  quantity  of  purge  gas  which 
flows  count ercurrently  to  the  semi -coke  and  in  contact 

with  it  will  have  an  appreciable  effect  on  the  amount  of 
heat  recoverable  from  the  semi-coke  by  virtue  of  its  effect 
on  the  hold  up  of  semi-coke  in  the  exchanger. 

3.  The  approximate  overall  heat  transfer  coefficient 
between  the  heater  and  carbonlser  was  60  BTU/hr.°F  ft? 

This  is  based  on  the  assumption  that  all  the  coal  fed  to 
the  carboniser  was  raised  to  the  temperature  of  the  bed. 

F.  Future  work. 

The  heater  could  be  made  fully  automatic  either  by 
controlling  the  air  rate  when  running  with  excess  fuel,  or 
with  a  more  complicated  arrangement,  by  controlling  both 
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the  fuel  and  air  inlets. 

The  problem  of  unsteady  feeding  of  coal  to  the 
carboniser  can  be  solved  by  connecting  a  balance  line 
from  the  top  of  the  coal  inlet  pipe  to  the  top  of  the 
coal  feed  hopper,  since  during  these  runs  the  fluctuations 
in  carboniser  pressure  caused  corresponding  fluctuations 
in  the  pressure  above  the  coal  feed  hopper  which  would 
lag  behind  those  in  the  carboniser.  Thus  there  was  a 
fluctuating  pressure  drop  across  the  coal  screw  feeder 
with  consequent  variation  in  coal  delivery. 

During  these  runs  there  was  only  a  single  stage 
3  in.  diameter  cyclone  to  remove  coal  from  the  carboniser 
off  gases.  However  with  the  solution  of  the  unsteady  coal 
feed  problem  and  possibly  an  increased  diameter  disengaging 
space,  this  may  still  be  adequate.  If  it  is  not,  a  two 
stage  cyclone  will  have  to  be  specially  designed  for  the 
equipment  whan  some  data  on  the  size  analysis  and  flow 
rate  of  the  entrained  material  has  been  collected.  During 
these  runs  also,  the  amount  of  gas  injected  through  the 
coal  inlet  pipe  was  approximately  equal  to  that  used  for 
fluidisation  through  the  screen.  This  would  obviously 
lead  to  a  poor  distribution  of  gas  across  the  carboniser 
cross-section  with  consequent  instabilities.  It  can  easily 
be  remedied  by  reducing  the  diameter  of  the  coal  inlet 
pipe  and  so  the  amount  of  purge  gas  to  give  the  same 
velocity  in  it. 
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APPENDIX  A 


In  this  appendix  the  air  flow  rates  and  pressure 
drops  across  the  fluidised  bed  are  tabulated  for  each 
run.  The  pressure  drops  as  read  have  been  corrected 
for  the  pressure  drop  across  the  empty  tube  and  screen 
and  are  presented  as  centimetres  of  water  manometer 
differential.  The  air  flow  rates  are  in  s.c.f.  per 
second  (14.7  psia  and  60°F).  The  cross-sectional  area 
of  the  fluidisation  tube  was  0.165  ft.2 
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Run  1  3  A 

Tyler  Mesh  -10+-14 
Wt.  Charged  5  lbs. 
530°R,P  ~703mms 


Run  2  3 A 

Tyler*  Mesh  -10+14 
Wt.  Cherp-ed  3  lbs. 
T  “  S?Q°R,P  =  70 6mm s 


Run  3  3A 

Tyl^n  Me  eh  -10+1  h 
W1  .  Gharp-ed  1.5  lbs 
T  =  540°R,P=  70/,.mms. 


Air  Flow 
Rate 

Pressure 

Drop 

Air  Flow 
Rate 

Pressure 

Drop 

Air  Flow 
Rate 

Pressure 

Drop 

0.063 

2.2S 

0.033 

2.60 

0.107 

2.00 

0.123 

2.95 

0.132 

5.00 

0.159 

2.25 

0.139 

5.30 

0.1?3 

7.05 

0.193 

2.30 

0.206 

9.50 

0.215 

3.90 

0.224 

2.65 

0.232 

11.20 

0.225 

3.45 

0.250 

2.95 

0.255 

12.75 

0.233 

3.75 

0.279 

3.50 

0 . 266 

13.40 

0.243 

3.70 

0.292 

3.60 

0.274 

13.70 

0.253 

3.35 

0.304 

3.65 

0.232 

13.95 

0.269 

3.65 

0.325 

3.70 

0.239 

14.10 

0.279 

3.40 

0.350 

3.75 

0.296 

14.05 

0.239 

3.30 

0.330 

3.95 

0.307 

14.15 

0.297 

3.35 

0.376 

3.65 

0.329 

14.50 

0.314 

3.45 

0.309 

3.90 

0.359 

14.60 

0.332 

3.45 

0.277 

3 . 45 

0.319 

14.25 

0.356 

3.65 

0.229 

2.65 

0.292 

13.65 

0.374 

3.70 

0.137 

2.00 

0.261 

11.50 

0.325 

3.  50 

0.139 

1 . 40 

0.203 

3.75 

0.307 

3.25 

0.125 

1.20 

0.144 

5.50 

0.300 

3.10 

0.133 

2.10 

0.160 

6.15 

0.233 

7.70 

0.224 

2.30 

0.225 

9.85 

0.276 

7.30 

0.259 

3.15 

0.264 

12.45 

0.255 

6.55 

0.2.32 

3.50 

0.273 

13.40 

0.223 

5.75 

0.302 

3.65 

0.236 

14.00 

0.139 

4.50 

0.323 

3.75 

0.290 

0.134 

2.75 

0.363 

3.30 

0.294 

14.55 

0.092 

1.70 

0.397 

3.95 

0.301 

14.50 

O.I46 

3.10 

0.112 

1.35 

0.306 

14.43 

0.133 

4.60 

0.171 

3.20 

0.312 

14.25 

0.236 

6.20 

0.216 

3.90 

0.321 

14.35 

0.265 

7.40 

0.250 

3 . 35 

0.346 

14.60 

0.277 

7.90 

0.270 

3.30 

0.296 

8.35 

0.233 

3.75 

0.293 

3.55 

0.297 

3.30 

X  ■  i  ,■  j 

1 

>  .V  r  v 1  - 

,  '  ' 

■  .  ...  , 

-  ■ 

CQV  I .. . 

; 

■  j 

1 

> .  .■ 

■  xx .  ■ 

* 

. 

.  -  -  ° 

■  v. 

'  - .  - 

1  « 

* 

?:  s.  • 

£  • 

-  V'.  ■ 

.  .  • 

,i  z?  r 

. 

.  „ 

j 

.  ) 

-  c  ~  r 

n 

-  V  - 

* 

. 

o 

. 

, .  i 

.  . 

...  . 

Fo 

. .  . 

.  X  • 

X  x .  ■ 

<  .  xx 

c. 

■»- 

x 

:x*  k 

s  ^  ®  J 

.  - 

. 

.  .,  0  > 

— 

.  .  .  ■ 

X.  ' 

r. 

.  . 

JT' 


•  .  -  ) 

. 


*  q 
» c 


FX , 


.. . 


,  ...  ) 

. 


.  •  ^ .  ) 


*  c 


-  106  - 


Run  4  4A 

Tyler  Mesh  -14+20 
Wt.  Charged  5  lbs. 

T  =  541°R.P  ~703mins. 

Air  Flow  Pressure 
Rate  Drop 


0.037 

0.074 

0.099 

2.40 

4.80 

6.95 

0.127 

0.151 

0.171 

9.30 

11.70 

13.65 

0.187 

0.201 

0.212 

14.50 

14.50 

14.60 

0.246 

0.272 

0.314 

14.70 

14.75 

14.80 

0.291 

0.253 

0.219 

14.80 
14.75 
14*  60 

0.203 

0.162 

0.107 

14.40 

11.70 

7.30 

0.081 

0.108 

0.134 

5.30 

7.35 

9.60 

0.153 

0.174 

0.187 

11.50 

13.40 

14.35 

0.190 

0.201 

0.210 

14.60 

14.30 

14.55 

0.257 

0.295 

14.75 

14.85 

Run  5  4A 

Tyler  Mesh  -14+20 
Wt.  Charged  3  lbs. 


T  - 534°R, 

P  =•  711mms 

Air  Flow 

Pressure 

Rate 

Drop 

0.099 

4.05 

0.139 

5.85 

0.166 

7.45 

0.194 

8.45 

0.223 

8.65 

0.246 

8.85 

0.267 

8.95 

0.288 

8.95 

0.307 

8.90 

0.291 

9.00 

0.272 

9.00 

0.247 

8.95 

0.224 

8.85 

0.204 

8.60 

0.178 

7.50 

0.145 

5.85 

0.119 

4.75 

0.088 

3.30 

0.128 

5.25 

0.173 

7.45 

0.199 

8.40 

0.211 

8.40 

0.248 

8.90 

0.274 

8.90 

Run  6  4A 

Tyler  Mesh  -14+20 
Wt.  Charged  5  lbs. 
T~537°R,P^  713mms. 


Air  Flow  Pressure 
Rate  Drop 


0.0308 

0.0527 

0.0700 

3.50 

6.28 

8.65 

0.0836 

0.0992 

0.115 

10.55 

12.80 

14.07 

0.132 

0.148 

0.172 

14. 48 
14.60 
14.  58 

0.202 

0.188 

0.164 

14.60 

14.64 

14.58 

0.142 

0.125 

0.113 

14.54 

14.32 

13.07 

0.0875 

0.0706 

0.0519 

10.09 

7.80 

5.53 

0.0351 

0.0339 

0.0579 

3.29 

3.85 

6.80 

0.0823 

0.110 

0.143 

10.05 

13.85 

14.58 

0.179 

14.65 
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Run  7  6A 

Tyler  Mesh  -23V35 
Wt.  Charged  5  lbs. 

T  =  539°R,P=  711mms. 


Air  Flow 
Rate 

Pressure 

Drop 

0.0169 

0.0239 

0.0333 

2.35 

5.05 

3.09 

0.0441 

0.0541 

0.0671 

11.06 

13.42 

14.67 

0.0331 

0.111 

0.216 

15.00 

15.49 

15.31 

0.144 

0.125 

0.111 

16.12 

15.72 

15.44 

0.0950 

0.0739 

0.0633 

15.15 

14.65 

13.33 

0.0521 

0.0421 

0.0329 

11.33 

3.52 

6.04 

0.0262 

0.0267 

0.0439 

3.27 

6.17 

11.30 

0.0433 

0.0713 

0.0971 

14 . 44 
14.70 
15.30 

0.123 

15.85 

Run  3  2A 

Tvler  Mesh  -3*10 
Wt.  Charged  3  lbs. 

T  =  543°R,P  =  709mms. 


Air  Flow  Pressure 
Rate  Drop 


0.127 

1.50 

0.226 

3.75 

0.267 

5.20 

0.314 

6.45 

0.361 

7.35 

0.422 

3.65 

0.476 

3.90 

0.535 

3.75 

0.600 

3.35 

0.432 

3.95 

0.455 

9.00 

0.337 

7. 95 

0.360 

7.05 

0.330 

6.15 

0.295 

5.25 

0.252 

4.10 

0.139 

2.55 

0.264 

4.95 

0.345 

7.35 

0.392 

8.55 

0.414 

3.70 

0.494 

8.95 

Run  9  1A 
Tyler  Mesh  -4*H$ 

Wt.  Charged  3  lbs. 

T  ~  53 3°R,P  =702mms. 


Air  Flow  Pressure 
Rate  Drop 


0.094 

0.40 

0.157 

1.30 

0.207 

2.00 

0.263 

2.30 

0 . 329 

4.05 

0 . 404 

5.30 

0.453 

6.40 

0.521 

7.75 

0.561 

3.50 

0.592 

3.70 

0.649 

3.75 

0.724 

3.60 

0.753 

3.30 

0.636 

3.75 

0.627 

3.60 

0.551 

7.30 

0.522 

7.10 

0.469 

6.20 

0.431 

5.45 

0.393 

4.70 

0.339 

3.75 

0.256 

2.35 

0.335 

3.95 

0.430 

6.  30 

0.676 

8.75 

0.733 

3.60 
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Run  10  7 A 
Tyler  Mesh  -3^+50 
Wt. Charged  5  lbs. 

T  —  536°R,P  -  702mms. 

Air  Flow  Pressure 


Rate 

Drop 

0.00517 

0.00352 

0.0134 

2.75 

4.93 

3.06 

0.0135 

0.0239 

0.0231 

10.35 

13.72 

14.56 

0.0326 

0.0336 

0.0465 

14.30 

14.42 

14.60 

0.0549 

0.0696 

0.0300 

14.62 

14.71 

14.72 

0.0654 

0.0574 

0.0513 

14.73 

14.70 

14.63 

0.0434 

0.0351 

0.0294 

16.61 
14. 44 
13.55 

0.0260 

0.0210 

0.0132 

12.72 

10.39 

6.61 

0.00375 

0.0152 

0.0221 

4.53 
3.15 
11.  S3 

0.0275 

0.0323 

0.043S 

14.27 

14.15 

14.41 

0.0571 

14. 66 

Run  11  SA 
Tyler  Mesh  -4S-f65 
Wt.  Charged  5  lbs. 
T=534°R,P*702mms. 

Air  Flow  Pressure 
Rate  Drop 


0.00331 

0.00496 

0.00670 

2.90 

5.39 

s.os 

0.00S7S 

0.0112 

0.0131 

11.03 
13.  S2 
14. 46 

0.0153 

0.01S5 

0.0215 

13.76 
13.  S5 
13.99 

0.0255 

0.0294 

0.034S 

14.17 

14.30 

14.45 

0.0310 

0.02S6 

0.0256 

14.45 

14.36 

14.32 

0.0236 

0.0217 

0.0197 

14.33 

14.24 

14.04 

0.0179 

0.0149 

0.0131 

13.  S5 
13.26 
12.36 

0.0109 

O.OOS55 

0.00539 

10.92 

S.SS 

5.19 

0.00355 

2.00 

Run  12  IB 

Tyler  Mesh  -10 

Wt.  Charged  3*3  lbs. 


T  ~542°R 

,P  =  707mms 

Air  Flow 
Rate 

Pressure 

Drop 

0.005S3 

0.00729 

0.0115 

1.20 

3.5S 

6.06 

0.0163 

0.0230 

0.035S 

7.95 

10. 2S 

10.  S9 

0.0424 

0.0514 

0.05S2 

11.26 

11.23 

11.40 

0.0645 

0.0595 

0.0533 

11.3S 

11.40 

11.32 

0.0467 

0.03S6 

0.033S 

11.25 

10. S7 
10.19 

0.0272 

0.0144 

0.0144 

9.12 

7.14 

5 . 66 

0.00974 

3.67 
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Run  13  2R 
Not  calculated 
because  of 
excessive 
entrainment 


Run  ] ./(.  13  A 
Tyler  Mesh  -3*4 
Wt.  Charred  3  lbs. 
T=.532°R,P=  704  mms . 

Air  Flow  Pressure 
Rate  Drop 


0.253 

0.77 

0 . 440 

2.10 

0.573 

3.12 

0 . 634 

4.05 

0 .  $60 

5.35 

0 . 997 

5.70 

1.034 

5.50 

1.153 

4.75 

1.250 

4.95 

1.400 

4. 60 

1.533 

4.30 

1.402 

4.50 

1.235 

5.55 

1.139 

5.65 

1.012 

6.20 

0.360 

6.60 

0.669 

4.50 

0.431 

2.20 
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Anpendix  R.  Equipment  Design. 


1.  Specifications 


?.  Carboniser  design. 


3.  Material  balance. 


4.  Heat  balance. 


5.  Experimental  beater  results 


6.  Heater  design. 


7.  Accessories. 
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In  this  appendix  the  design  of  the  carboniser, 
carboniser  heater  and  accessories  only  are  considered. 
Results  on  an  experimental  heater  are  included.  The 
logical  sequence  of  design  steps  is  indicated  by  the 
table  of  contents.  Design  of  the  product  recovery 
section  is  conventional.  It  was  tailored  to  use  only 
standard  pipe  and  fittings  and  is  therefore  not  in¬ 
cluded.  Technical  data  were  taken  from  standard  sources 
on  the  subject. 
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1.  Specifications . 


Coal  feed  rate  60  lb. /hr.  as  delivered. 


Coal  analysis 

Moisture 

16# 

Ash 

10# 

Volatile  matter 

30# 

Fixed  Carbon 

44# 

Product  vield 

Tar  &  light  oil 

20  imp.  galls/ 
ton  dry  coal 

Gas 

3300  scf./ton. 
dry  coal 

Semi-coke 

15#  V.M. 

Fluidising  conditions  Coal  ground  to 

-l/l6  in.  mesh 

Arithmetic  mean 
diameter 

0.0173  in. 

Critical  gas 
velocity 

0.32  ft. /sec. 

Fluidising 

velocity 

O.64  ft. /sec. 

Temperatures 

Carboniser 

1100°F. 

Carboniser 

heater  1500-l600°F. 


Heater  fluidised  bed  -20  +  2.8  in.  Ottawa 

sand. 
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2.  Carboniser  Design. 

R e side nee  Time : - 

The  standard  decay  curve  for  material  having  an 
initial  concentration  Co  in  an  ideally  mixed  mass 
M  lb.  with  constant  inflow  and  outflow  P  lb. /hr.  is 

M  In-  p  =  -Px 
Co 

where  C  is  the  concentration,  after  time  x  hours. 

Let  x  denote  the  coking  time  for  the  particular 
coal  in  hours  and  z  the  fractional  complete  coking 
required 

C  i 

then;-  ~Co~  s  -L  -  z 


If  A  = 

area  of  bed  ft 

2 

• 

L  - 

height  of  bed 

ft .  1 

and  =; 

density  of  bed 

. 

-p 

Ch 

• 

Xj 

1 — 1 

then 

M  =  AL^ 

and 

AL/?ln(l  -  z)  : 

=  -Px 

i.e.  a  a  -Px _ 

L  ^ In  (1  -  z ) 


m. 


The  following  results  on  coking  times  in  a  fluidised 
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bed  are  taken 

from  Stone, 

Batchelor  and 

Johnstone  , 

Ind.  Env.  Chem 

.  46,  274- £. 

(1954). 

Temperature  °F 

ub  Completion  Time  sec. 

Coal  Type 

£00 

55 

600 

non- coking  Colorado 

900 

70 

120 

n 

1000 

75 

75 

tt 

770 

6£ 

300 

Coking  Pittsburgh 

£50 

£4 

120 

tt 

950 

£2 

60 

tt 

Assuming  that  at  1100°F.  the  coal  will  be  properly 
coked  after  600  seconds  s  1/6  hours,  then  setting 
z  -  0.95 

30  lb./cuft.  from  previous  work  (Part  1) 

L  -  1  ft. 

P  —  60  lb. /hr.  specified 
we  have 


-60  1/6 

30  In (0.05) 


=  0.111  ft.2 


Therefore  the  diameter  of  the  carboniser  should  be 
4.524  in.  To  allow  for  internal  fittings  the  diameter  is 
increased  to  6  in.  The  height  of  the  carboniser  is  set 
at  3  ft.  6  in.  above  the  screen  to  allow  for  a  bed  up  to 
2  ft.  6  in.  deep.  The  disengaging  section  above  the 


ffriob  r i 


-  -L  L  «J  ... 


. ...  u 


c  ■  J 


--C.  .  ...  , 


,  :  ‘  '  f  :  ' 

V-  *  . 

■. :  o  .  •  0(  \  ‘ ~  j 


L  -  ‘  •  r  Ol  i. 


'  J 


) ; 


J  Jl 


-± 


■J ..  _L 


M  ■ 

---  i  U oo  : 

.  •  . 

^  '  ■ 


-  J  ■  -i...o 


.  ;  i  ...  ./J 


K:  jl 

Oc. 

- 

::f\Uc,  e.A 

C'jl.o  .'  ;  c 
'•)  -  :  - 


_ .  ;  ,  -  _  c 


.  .  . '  ■. 


•,  >j  l 


l  -  )  -  c 


♦  .  -  -i-' 


.. 


_  w 


O  <  .  - 


>-  -  C 


v.  i  V 


-■-‘C  L 


c 


-  115  - 


carboniser  would  be  3.5  in.  in  diameter  in  order  to 
double  the  cross-sectional  area,  so  this  is  set  at  30  in. 
to  allow  for  fittings  and  its  height  is  set  at  1  ft.  6  in 
to  accommodate  a  cyclone. 


3 •  Material  balance . 

a.  Fluidising  gas 

Velocity  r  0.64  ft. /sec.  in  6  in.  dia.  tube 
S.G.  =0.62,  Temperature  =  1100° C. 
whence  mass  rate  =  6.°  lb. /hr. 

b.  Coal  feed  =  60  lb. /hr.,  16%  HpO 

—  50.4  lb.  dry  coal/hr. 
and  9.6  lb.  water/hr. 

c.  Gas  liberated  in  carboniser 

=  3,500  cuft./ton  dry  coal  S.G.  -  0.62 

~3.7  lb. /hr. 

d.  Tar  and  light  oil 

ss  20  imp.  gal. /ton.  S.G.  =  1.0 
=  4.5  lb. /hr. 

p.  Semi-coke  V.M.  —  ! 
therefore  mass  rate  =  33.3  lb. /hr. 
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f.  Difference  4»1  lb«/hr. 

a ssume  this  is  water  vapour  from  consti tutional  wa tor. 

Th o  material  bal.ance  around  the  cr>r,honic,pr  is  then 
on  a  3  hr.  basis ;  - 

Entering  Streams 
coal  60.0  lb. 

Fluid  i  9  l.n  rr 

°*a  s  6.o  lb. 


66. Q  lb, 

.  Heat  Balance . 

Thermal  Pronert5.es, 

The  specific  heat  of  the  coal  and  semi-coke  is 
calculated  usi,nrr  a  weighted  arithmetic  average  of  the 
specific  heats  of  the  ash,  water,  coal  and.  semi-coke 
as  follows ;- 

Ash  0.165  B.T.U./lb?F. 

TArster  1.000  »  t! 

Coa.3  ( a  ph  enb  water  free)  0.750  '* 

Semi-coke  (ash  and  water  Tree)  O.36  n  ft 

The  calculations  yield  an  average  specific  heat  for 

the  coal  feed  of  0,356  B.T.U./lb. °F. ,  and  for  the  semi- 

ooVe  product  of  0.33  B.^.H./lb.  f. 


Exit  Streams. 

Semi- coke  36. 1  lb, 
Tar  &  light  oil  A .5  lb 
H20  13.7  lb 
Gas  10.6  lb 


66. 9  lb 


■f 
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Tar  and  light  oil . 

Average  Liquid  specific  heat  60-212°F.  0.5  B.T.U. /lb°F 


Average  Vapour  specific  heat  0.25  " 

Latent  heat  (2120F.)  135  B.T.U./lb. 

Mean  specific  heat  of  gas  between  32  and  1100°F  is  equal 
to  0.676  B.T.U./lb°F. 


Since  the  data  on  heats  of  carbonisation  at  these 
temperatures  is  very  scanty  it  is  assumed  to  be  zero, 
although  figures  of  40  B.T.U./lb.  coal  have  been  quoted 
for  high  temperature  carbonisation.  Using  a  temperature 


base  of  32  F.  ,  a  pressure  b. 
energy  quantities  have  been 
one  hour. 


Heat  out 

with  exit 

streams 

B.T.U. 

4.5  lb. 

Tar  and  gas 

2,000 

10.6  lb. 

gas 

7,700 

13.7  lb. 

water 

21,700 

33. 1  lb. 

semi-coke 

13 ,400 

44,300 

Less  heat 

in 

....  1*100 

43,700 

12.5%  losses 

6,300 

50,000 

se  of  14.7  psia,  the  following 
calculated  for  a  period  of 

Heat  in  with  entering  stream 

B.T.U. 

60  lb.  coal  1,100 


1,100 
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Based  on  these  figures  the  heat  requirements  are 
50,000  B.T.U./hr.  It  will  be  noticed  that  no  heat 
input  is  mentioned  for  the  fluidising  gas.  This  was 
omitted  because  the  entering  temperature  of  the  gas  de¬ 
pends  upon  the  performance  of  the  semi-coke/gas  heat 
exchanger  which  could  not  be  assessed  at  this  time.  It 
was  felt  that  this  error  would  cancel  any  error  in  omitt¬ 
ing  the  heat  of  carbonisation. 


5.  Experimental  Heater  Results. 

The  experimental  heater  in  its  final  form  is  shown 
in  Fig.  15  which  is  taken  from  Part  2  of  this  thesis.  It 
was  constructed  from  33  in.  of  3  in.  standard  pipe  above 
which  was  mounted  a  7  in.  by  20  in.  disengaging  section. 
Air,  dried  and  metered  in  the  experimental  fluidising 
equipment  Fig.  3>  Part  1,  was  passed  through  a  100  mesh 
stainless  steel  screen  pressed  into  a  3  in.  by  lg  in. 
reducer  screwed  to  the  3  in.  pipe  and  a  chromel/alumel 
thermocouple  was  mounted  in  the  bed  just  above  this 
point.  The  products  of  combustion  passed  from  the  dis¬ 
engaging  section  through  a  cyclone  to  the  atmosphere.  The 
3  in.  pipe  was  lagged  with  standard  magnesia  insulation 
except  at  the  base. 
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Three  different  designs  of  heater  based  on  the 
3  in.  pipe  had  been  previously  tried,  but  were  not 
satisfactory.  The  object  of  the  work  was  only  to 
establish  the  feasibility  of  the  idea  and  so  the  results 
are  not  meant  to  be  quantitative. 

Usinr  an  oxy-acetvlene  flame  applied  to  the  base 
of  the  heater,  it  took  approximately  1  hour  to  raise 
the  temperature  of  2  lb.  of  fluidised  -20+2$  Ottawa 
sand  to  1400°F.  Coal  was  then  injected  at  a  rate  of 
2  to  3  lb. /hr.  and  for  the  next  two  hours  the  tempera¬ 
ture  of  the  fluidised  bed  was  maintained  between  1400  and 
1650°F  with  an  air  rate  of  121  sef/hr.  The  temperature 
was  not  raised  any  higher  to  avoid  failure  of  the  mild 
steel.  The  test  was  discontinued  when  the  thermocouple 
burnt  out.  The  pressure  drop  across  the  bed  stayed 
reasonably  constant  indicating  that  the  bed  weight  did 
not  increase  i.e.  that  ash  and  unburnt  coal  were  rapidly 
removed  from  the  bed.  A  sample  of  the  combustion  gases 
was  taken  and  analysed  as  follows :- 

CO2  16.1  % 

Op  1.0  % 

CO  2.2  % 

CH/^  2.7  %  Hydrocarbon  as  CH/^ 

Np  by  difference  ?B.O  % 

Taking  the  diameter  of  the  bed  as  3  inches  the  air 

rate  is  calculated  as 

1.3  lb. /in. 2  bed  cross  section/hr. 

This  is  the  figure  used  in  the  carboniser  heater  design. 


.  i . 

c 

3  C  ■  ' . 

■  c\  ■ 

lo 

Bf: 

c  .  ■ . 

■  •• 

u 

■ 

V-  •  *  p 

•  ■ 

■  .  • 9 

■  '  -  £ 

1 

1  ’  £>l  ■  s 

IZ  ".  : 

Coe 

•  -  ;  J 

c  . .  _  ^  . 

-  o 

.  i 

-}• 

.  • V 

.  _u 

/  Cl  j. 

..  . 

J  9  i  C  i 

9X1:  ICi  ;t- 

• ; 

-  - 

VJ  . 

_  d  i ,  •  :• 

_ 

o  C  >\  -  v .  :■ 

doi  .  ■. 

v_  ' 

v 

l 1.:. 

_ 

X  -■ 

0  l  ■  - 

... 

i  : , 

"  '  j-  . ; 

oci 

: 

i 

;Y  d 

.  d  c 

;  V- 

. 

.  j . "  -■ 

oh  ~  : 

. :  X , .  . 

-  _ L 

-1- 

«  G. 

1  .  c 

©‘  c  .  .  d 

- 

> 

.  c 

—  -  ",  - 

:  1  : 

r  ^ 

'  v. 

‘  Gk. 

0  G'OG^I 

'  C  i  X  o 

^  vj 

2TXIC 

•  y  i  J 

C .  j  c  * 

.  J. 

.  . 

-  i  :  . 

9  -  ( 

. o .  . 

1  b 

:  Vi  .  Ec 

: 

[T  ,1 

-  -- 

- 

C 

. 

■J 

'll  Jxs‘ 

L±r 

xo  V- 

,  ..  ‘  J: 

v  j  t ; .  1 r 

- 

*  • 

Cf 

r.c; 

hi  i  c 

; 

c 

L  -1. 

c  C  . 

O  -C 

::  4.  ( 

-  - 

■  o  '  0 

- 

-  .  Ci  l  ,o  C  •.  i  c: 

J- ...  v,  i 

Z  ■  v . 

o  old 

>■_  J.  v_.; 

r  m  ■  r 

v - •  . 

X  Cr 

' 

- 

■  _  i 

:  ^  . 

d  . . 

•  - 

z  i  c 

' 

.  _  v_ 

o  .  j.ici 

i 

t  -*• 

.  r;K  r 

'  1  vy  *  1  . 

\ 

-  „  ; 

- L. 

— 

c 

i-o  --  ui 

*  -1-  J 

•  '  1. 

L  r 

•  •  j 

/  0.  Y  r  4" 

v.  i.fi  J  c  v  •  ;  rb  i  ■ 


i  ..  c 


:o  l 


;"j:  . 


:  /.  •  : 


1  ■  ■  ■■’SlJ'  1'C  ■; 


121 


6.  Hester*  Design . 

Tbe  hpatpr  is  required  tn  burn  sufficient  semi-coke 

bo  liberate  10,000  B.T.U.  ppr  hour  at  1100°F.  Tbp  Resign 

is  baspd  on  the  following  specifications ;- 

Calorifi  c  ^alue  of  ^pmi  -  onko  1/',100  B.T.U. /lb. 

theoretical  air  10.6  lb. /lb. 

Specific  bp^t  of  waste  gases  0.?60  B.T.U./lb. °F. 

o 

Tbp  availed]  p  heat  per*  lb.  of  semi-coke  at  l  100  F.  is 
then  14,500  -  11. 6(0.26) ( 1500  -  60 ) 

which  is  approximately7-  10,000  B.T.U.  ner  hou^. 

Tbp  weight  of  seM-coke  required  Dor<  hour  is  therefore 
1  lb .  end  tbp  theoretical  air  reqte’.nements  ar° 

1(10.6)  =  53  lb. /hr. 

<p 

In  the  experimental  heater  the  air  rate  was  1.3  lb. /in  /hr. 
Tbp  required  bed  area  is  therefore  41  sq.  in.,  and  the 
dimensions  of  the  annular  heating  bpd  would  be 

6.321  in.  minimum  diameter 
9.6  in.  maximum  diameter 

However,  in  order  to  allow  for  3  reasonably  thick 
fluidised  bed  and  for  lower  heating  value  fuels,  a  max¬ 
imum  diameter  of  12  in.  was  chosen. 

Tbp  diameter*  of  tbp  disengaging  spepp  abound  a 
6.321  in.  diameter  tubp  to  gisve  double  tbp  cross-sectional 
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arp?  for  flow  would  be  1^.6  in.  This  was  accordingly 
fixed  at  16  in. 

With  the  leading  dimensions  of  the  carboniser  and  the 
heater  tf^ed  .  the  most  logical  desi vn  was  evolved  and  the 
final  drawinv  in  reproduced  in  Pip*.  21.  The  question  of 
beat  transfer  from  the  heater  to  carboniser  arose  but  on 
working  out  the  bed  to  wall  heat  transfer  coefficients  hy 
the  different  correlations  proposed  in  the  literature, 
values  ra rainy  from  20-110  B.T.U./hr.  ft.'’  °F.  were 
obtained.  With  a  bed  height  of  1  ft.  and  an  overall 
temperature  difference  of  500°F.  the  overall  coefficient 
would  have  to  he  64  B.T.U./hr.  ft.°  °F.  This  figure 
would  bn  reduced  bv  halt  it  the  bed  height  were  doubled 
and  °o  it  was  considered  that  the  heat  transfer  rates 
would  be  adequate. 


7 .  Accessorie s . 

Tbe  accessories  considered  here  are  a  gas  recir- 
cu la ting  pump  and  rotafhewer  for  the  fluidising  gas  to 
the  carboniser,  and  an  air  and  natural  gas  rotameter 
tor  the  carboniser  beater*. 

Thn  velocity  in  the  6  in.  diameter  tube  is  0.6 4  ft. /sec. 
This  corresponds  to  a  rate  of  ?. 6  cuft./min.  This  is 
tbn  maximum  capacity'’  of  the  pump  when  the  bed  is  to  be 
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FIGURE  21 


Detailed  Bra  win?-  of  Carboniser  and  Heater. 
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fluidised  at  room  temperature.  The  volume  delivered 
by  the  pump  will  he  decreased  as  the  temperature  of 
the  bed  is  increased.  The  pressure  drop  from  pump 
discharge  to  suction  was  calculated  and  found  to  be 
4  lb. /in.  A  Roots-Connersville  blower  delivering 

9.5  cuft./min.  of  0.5  S.G.  gas  at  5»5  lb./in.^  above 
suction  pressure  was  therefore  specified  and  the  only 
suitable  rotameter  available  was  rated  at  1.1  -  11.1  scf./min. 
of  air. 

The  cross-sectional  area  of  the  heater  is  32  sq.  in. 

With  an  air  rate  of  1.3  lb . /hr . /in. ?  the  total  air  re¬ 
quirements  are  23.2  scf./min.  Theoretical  air  require¬ 
ments  for  natural  gas  are  10  cuft./cuft.  which  gives 
a  natural  gas  rate  of  2.32  scf./min.  The  rotameters 
selected  to  cover  these  ranges  were  for  the  air, 

3.5  -  35  scf./min.,  and  for  the  natural  gas  0.46  -  4.6 7  scf./min. 
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APPENDIX  C.  Equipment  commissioning . 


] .  Introduction 


?.  Calibrations 


3.  Physical  Constants 


A.  Runs  on  heater  alone 


5 .  Runs  on  carboniser  alone 
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Commissioning  runs 
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1.  Introduction. 


This  appendix  includes  all  material  concern!  nr 
the  commissioning  of  the  fluidised  coal  carboniser. 

In  designing  a  pilot  plant  such  as  this  without  prev¬ 
ious  evperipnce  of  similar  equipment  it  is  obvious 
that  e?erv  eventual  itv  cannot  he  for  seen.  Several  of 
the  initial  runs  on  the  equipment  were  terminated 
-Pern  enp  reason  or  another  before  data  could  he  obtained. 
However,  each  of  these  runs  resulted  in  modifications 
of  the  equipment  and  the  elimination  of  weak  points. 

For  this  reason  they  a.re  described  in  detail  in 
section  6. 
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2.  Calibration. 

The  coal  feed  screw  conveyer,  heater  feed  screw 
conveyer  and  the  orifice  plates  for  the  purge  gas  flows 
were  calibrated  and  the  manufacturers1  calibrations  for 
the  rotameters  were  checked.  The  screw  feeders  will 
deliver  different  quantities  of  material  according  to 
the  quantity  of  gas  which  is  blown  through  them  with  the 
solid.  For  these  calibrations  no  gas  was  passed  through 
the  feeders.  The  calibration  curves  are  plotted  in  Fig.  22. 

The  four  purge  gas  streams  are  metered  with  orifice 
plates.  For  convenience  the  same  size  orifice  viz.  0.075  in. 
diameter  in  a  J  in.  standard  pipe  was  chosen  for  each. 

The  manometer  taps  were  drilled  the  same  for  each  in  the 
supporting  union.  In  view  of  this,  only  one  orifice 
assembly  was  calibrated.  Air  was  passed  in  series  through 
the  orifice  and  a  wet  test  meter.  The  calibration  curve  is 
plotted  in  Fig.  23.  The  quantity  as  read  off  this  curve  is 
corrected  for  gases  other  than  air  by  multiplying  the  value 
by  (29/M)^,  where  M  is  the  molecular  weight  of  the  gas. 

The  rotameters  were  checked  by  passing  air  in  series 
through  them  and  a  dry  gas  meter.  The  rate  was  kept 
constant  at  some  percentage  of  the  full  scale  reading  and 
the  quantity  of  air  passing  through  the  meter  in  a  fixed 
time  recorded.  The  rotameters  are  calibrated  by  the 
manufacturers  and  the  100$  reading  in  scfm  (?0°F  and  14*7  psia) 
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given.  i  hp  value  of  the  flow  rpflti '  on  the  rotamofe-o 

is  cor^“ctPd  f or  density  dif f prencps  hy  multiplying’  if 
1 

h3r  (O.Q7^f )«  -whpre  is  t^e  density  of  the  was  in 
ttp>  rot,-'  •  i  ),  /cuft-.  ,  or  if  if  is  required  in  s cfrri . 

(70  L4.7  psia)  it  should  multiplied  by  (Pf /0. 075)? 

The  results  of  these  checks  are  tabulated  below:-  ^ 

Rotameter  check  calibration. 


Rotameter 

100$ 
reading 
scf ./min. 

Volume  as 
measured  hv 
rotameter 
cuft . /min. 

Volume  as 
measured  by 
dry  gas  meter 
cuft , /min . 

F]  u i  d i  si  n v 

O 

gas  11.1 

6.96 

6,74 

Air 

36.3 

11.14 

11.13 

Natural  eras 

O 

4.62 

2 . 44 

2.30 

These  figures  check  within  the  accuracy  of  the  dry 
n'?q  meter  (■£5%)  3  and  so  the  manufacturer  *  s  calibrations 
for  the  rotameters  were  accepted. 


3.  Physical  Constants. 

It  was  thought  advisable  to  determine  the  bulk 
density,  fraction  voids,  and  pressure  drop  against  gas 
velocity  curves  for  the  coal  in  the  ca^boniser  and  the 
°anH  jn  fho  beaten  before  running  the  equipment.  The 
results  a  or*  the  dencifv  and  void  fraction  o-p  fho  nos! 
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and  sand  are  tabulated  below,  and  the  curves  for  tbe  coal 
and  sand  are  plotted  in  Fig.  2  A  as  pressure  drop  across 
f.be  supporting  screen  and  bed  in  in.  of  water  avainst  tbe 
gas  flow  rate  in  cuft./min. 


Bulk  Density  and  void  fraction  of  coal  and  sand. 


Material 

Bulk 

Fraction 

Density 

voids  as 

lb . / cuft . 

poured . 

-20  +  2$ 

Ottawa  sand 

103 

0.377 

-1/16  in.  mesh  coal 

A3 

0.347 

A.  Runs  on  Heater  alone. 

Tbe  combustion  chamber  below  the  heater  is  an  annular 
space  6  in.  I.D.  12  in.  O.D.  and  6  in.  deep.  There  are 
six  l/b  in.  diameter  burner  ports  projecting  up  from 
below,  a  l£  in.  observation  and  lighting  port,  and  a  pilot 
light.  Originally  the  pilot  light  was  a  circular  pipe 
on  the  outside  of  the  ring  of  burners  drilled  every  half 
in.  This  did  not  prove  satisfactory  and  was  changed 
for  a  single  l/b  in.  diameter  burner  after  Run  Three 
runs  were  made  on  the  heater  alone  using  natural  gas 
and  air.  Thn  first  was  a  failure  due  to  nggsh  backs  while 
lighting .  Accordingly  an  air  ejector  was  fitted  in  the 
off-gas  line  to  keep  the  heater  under  a  slight  vacuum 
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whil  e  f.hp  burnPT'F!  wprp  hpi.no>  ]ih. 

During  the  spoond  run  it,  was  rii  scovered  that  the 
flame  would  not  npmflin  stable  unless  the  lighting  port 
^rpr»p  open  or*  tho  por*ppn  support  were  ^lowinc  red.  The 
hot,  o-p.qpp  from  the  flame  heated  the  bed  which  rpmained 
fixed  'por>  qnmp  time,  ^hi.^  is  indicated  bv  the  three 
thermocouples  in  the  hod  reading  different  temperatures. 
Aft pn  two  hoivns,  temperatures  were  in  the  region  of 
AOO°C  a nH  suddenly  two  of  thp  thenmocouples  on  one  aid'3 


of  the  bed  -npconoipH  and  continued  to  r*pcord  thp  same 
temperature,  this  was  taken  as  evidence  of  fluidisation. 
However,  sincQ  the  thermocouple  on  the  opposite  side 
of  the  bed  did  not  road  the  same  temperature ,  it  was 
assumed  that  this  side  was  not,  fluidised.  The  run  was 
discontinued  due  to  an  sin  failure  at  thp  power  plant. 

The  final  run  in  this  nrorjeded  very  smoosblv 

Two  hours  after*  lighting,  the  thermocouples  on  one  side 
read  520  and  A70°C  respectively  and  the  onp  on  the  other 
ppad  5iz,°c.  Th.p  one  side  fluidised  and  the  two  thermo¬ 
couples  read  A95°C.  0 vpr  the  next  hour  the  temperature 

on  the  fluidised  side  rose  to  5C)OnC  while  the  other  re¬ 
mained  approximately  constant.  ih-5  c  side  th^n  fluidised 
and  after  fluctuating  wildly  its  temperature  became  the 
pfimp  as  the  opposite  side.  During  the  next  hour  the 
temperature,  constant  throughout  the  bed ,  roQe  steadily 
to  775°0.  The  test  was  th pn  discontinued. 


Th<=  air*  and 
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natural  aas  rat, as  at  the  time  whan  even  fluidisation 
occured  were  approximataly  IS  scfm.  of  air  and  1 .is  scfm. 
of  natural  mas.  After  complete  fluidisation  the  inner 
wall  was  observed  to  be  glowing  pvpnlv  red  for  a  depth 
of  two  feat,  which  was  the  approximate  height  of  the  bed. 

The  mild  steel  support  originally  used  for  the 
100  mash  stainless  steel  screen  in  the  heater  was  so 
buckled  after  this  run  that  a  new  one  was  fabricated 
from  3/$  in.  type  116  stainless  steel.  This  has  since 
phown  no  signs  of  deterioration. 


5.  Runs  on  the  Carbon iser  alone. 


The  ob.iect  of  these  runs  was  to  test  the  soliHs  cin- 
culatinv  system  o+"  the  carba§dser  prouer.  Coal  was  fed 
no  the  carboniser  and  removed  from  the  semi-coke  receivers 
while  the  bed  was  beinv  fluidised  with  air. 

Th e  main  difficulty  was  experienced  with  the  coal 
screw  feeden.  The  bearings  (rfi.ld  steel  in  brass )  were 
not  satisfactory  due  to  binding  with  coal  dust  which 
resulted  in  stripping  a  speed  redfucer.  The  bearings  were 
■neolaced  with  sealed  ball  bearings  and  a  heavier  speed 
reducer  was  uxed.  No  trouble  has  been  experienced  with 
this  ^ince.  The  hearing  in.  the  heater  scr^w  feeder  was 
also  replaced  at  this  time. 
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Provision  had  hppn  madp  for  purp-p  prps  to  bo  delivered 
to  the  end  of  the  screw  feeder  where  the  coal  enters  the 
inlet  pine  to  the  carhoniser,  to  the  base  of  the  coa] 
feed  hopper  and  to  the  top  of  the  coal  feed  hopper.  A 
satisfactory  run  was  made  feeding  coal  to  and  removing 
it  from  the  carhoniser,  except  that  the  coal  feed  rates 
as  measured  by  the  platform  scale  on  which  the  feed  hopper 
rests  did  not  correlate  with  the  calibration  of  the  screw 
feeder.  During  this  run  air  was  delivered  to  the  three 
points  previously  mentioned.  It  has  since  been  discovered 
that  the  feeder  will  deliver  far  more  coal  than  the  cal¬ 
ibration  would  indicate  if  gas  is  blown  through  with  it. 
This  effect  was  masked  in  these  runs  since  the  coal  sup¬ 
plied  by  the  Research  Council  of  Alberta  was  quite  damp. 

At  the  begining  onlv  a  very  slight  dust  carry  over 
was  noticed  at  gas  rates  twice  the  critical  (3  cuft./min.) 
when  the  equipment  was  dismantled  the  sealed  leg  of  the 
cyclone  was  found  to  be  blocked  with  fine  damp  coal.  It 
was  felt  that  this  would  not  be  a  problem  when  running 
at  temperature  and  in  fact  the  cyclone  has  never  been 
found  plugged  since. 

6.  Commissioning  Runs. 

The  four  commissioning  runs  will  be  dealt  with  sep- 
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arately.  In  all  casps  the  coa]  feed  from  the  Edmonton 
beds  had  been  crushed  to*H./l6  in.  mpsh  end  the  fluidised 
bed  hpic-ht  was  2  ft. 

Run  1.  March  2,  IQ56,  11. 50  am.  to  7  pm. 

As  the  proposed  feed  for  the  heater  was  semi-coke 
manufactured  in  the  carboniser, the  object  of  this  run 
T-res  to  produce  semi-coke  using  natural  cas  only  in  the 
beater.  However,  since  at  3  pm.  the  heater  temperature 
(the  hppts-n  was  fully  fluidised)  was  only  5?0°C,  it  was 
decided  to  start  feeding  raw  coal  to  the  beater.  Some 
oxygen  was  also  put  into  the  bed  through  the  pilot  light 
and  tbs  temperature  rosp  satisfactorily  to  $00nC,  though 
thpr-e  was  a  high  carry  over  of  fine  coal  to  the  heater 
cyclones.  Coal  feed  was  started  at  4»30  pm.  This  caused 
the  carboniser  bed  temperature  to  drip  to  about  650nC. 

All  the  product'5  of  the  carbonisation  were  condensed  in 
the  stent-up  condenser.  There  was  a  sudden  drop  in  the 
carbonisen  bed  temperature  from  65O  to  500°C  at  5.40  pm. 
indicating  a  sudden  surge  in  the  coal  feed.  After  6.00  pm. 
thene  was  considerable  difficulty  in  feeding  coal  at  a 
steady  rate.  It  seemed  impossiblp  to  establish  »  bed 
(ns  indicated  by  a  very  low  pressure  d.nop  across  the 
c^nhoni^en)  end  the  bed  temperature  n0qe  steadily  to  the 
Inkster  temperature.  Feed  was  shut  off  at  7  pm.  and  the  run 
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abandoned.  During  the  run,  the  quantity  of  gas  deliver¬ 
ed  to  the  coal  hopper,  feeder,  nnd  inlet  pipe  was  about 
0.6  cuft./min. 

There  was  difficulty  with  manometers  blowing  and 
in  keeping  a  water  seal  in  the  start-up  condenser.  The 
s  "■  : ; '  exchanger  expanded  making  it  difficult 

to  change  the  semi-coke  receivers,  and  one  of  the  carbon- 
iser  bed  thermocouples  read  consistently  about  300°C 
below  the  other. 

Shut  down . 

when  the  ca'^*bnniser*  was  opened,  onlv  3  in.  of  semi¬ 
coke  were  found,  in  the  bed.  The  cyclone  was  clean,  but 
the  coal  inlet  pine  was  plugged  with  about  6  in.  of  damp 
coal.  This  could  jppssiBly  have  been  due  to  manometer 
fluid.  Th°  coal  screw  feeder  was  also  plugged  with  damp 
coal.  ^he  low  reading  thermocouple  was  checked  and 
found  faulty.  Thu  Raschig  rings  from,  the  start-up  cen- 
denser  were  found  in.  the  base  of  this  condenser  and.  also 
about  °0  Tt .  away  in  the  waste  mas  line.  The  rpcircula.tinv 
o-p c?  blower  haH  seized  with  coal  tar. 

Lines  and  equipment  were  cleared  up  and  Raschig  ring0 
replaced  in  the  start-up  condenser.  Mercury  was  used  in  all 
manometers  and  a  permanent  oxygen  line  fitted  into  the 

pilot  feedt  The  purge  gas  line  to  the  base  of  the 
hopper  was  removed.  The  semi- coke/gas  heat  exchanger 
was  shortened. 
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Run  ?.  March  7,  1Q^6,  7.30  s.m.  to  1.30  p.m. 

o 

The  hep ten  was  brought  up  to  470  C  with  natural 

gas  and  air  in  3?  hours.  Semi -cokp  was  then  injected 

into  the  heater  bed  and  the  gas  turned,  off.  The  heater* 

o 

temperature  nose  to  7^0  C  in  thnee  quarters  of  ap  hour. 

Some  oxygen  was  used.  Within  a  quarter  of  an  hour  of 

feeding  semi-coke  to  the  heater,  the  carboniser  which 

had  heen  filled  with  coal  before  the  run  was  at  600°C. 

It  was  kept,  at  this  temperature  for*  about  one  hour  by 

controlling  the  coal  feed  rate.  "the  fluidising  gas  from 

the  semi-coke  heat  exchanger*  remained  reasonably  con- 
o 

stant.  a-t  160  C.  It  was  found  that  the  temperature  of 
the  ho3t°r  could,  he  very  easily  controlled  by  vary  ling  the 
air  r*a t°,  i.e.  there  wass  excess  semi-coke  in  the  bed.  After 
this  reasonably  steady  period ,  the  carboniser  temperature 
rose  and  the  pressure  drop  across  the  bed  decreased  and  the 
coal  feed  could  not  be  restarted  so  the  equipment  was  shut 
down.  Durino*  this  run  the  quantity  of  purge  gas  delivered 
to  the  coal  inlet  pipe  was  approximately  O.85  cuft./min. 
Shut  Down. 

A  plug  about  6  in.  long  was  found  near  the  top  of 
the  coal  inlet  pipe.  It  was  evidently  due  to  tar  con¬ 
densing  at  this  point.  Some  dust  was  found  in  the 
product  transfer  line  and  only  about  3  in.  of  coal  wore 
left  in  the  carboniser. 
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the  burner  chamber  beneath  the  heater  w&S  full  nf 
sand.  When  the  heater  was  dismantled  ,  it  was  found  that 
the  100  mesh  screen  was  burnt  through  above  each  of 
two  burners. 

d'he  fluidisinr  gas  blower*  was  stripped  down  and  found 
to  he  coated  with  a  black  lacquer  which  was  insoluble  in 
the  common  solvents. 

The  stainless  steel  screen  was  replaced  and.  protected 
by  wear  plates  suspended  over  each  burner*.  A  steam  line 
was  connected  to  the  inlet  of  the  gas  blower  so  that  it 
could  be  steamed  out  at  the  end  of  each  run,  and  an  air 
blast  was  arranged  to  coo]  the  coal  inlet  pipe.  The  3  in. 
cyclone  in  the  carboniser  was  replaced  with  one  2  in.  in. 
diameter  in  an  attempt  to  cut  down  dust  carryover. 


Run  3 .  March  1A ,  1936?  $  am.  to  1  pm. 

On  cbeckj.no-  the  equioment  before  the  run ,  it  was 
found,  that  the  start-up  condenser  was  blocked.  It  was 
therefore  decided  to  use  the  three  condensers  and  the 
tar  for  filter  continuously .  The  absorber  train,  was 
not  used  because  it  was  not  felt  to  be  justified  luring 
these  preliminary  tests  until  everything  eD.se  was  working 
better*.  After  the  heater  had  been,  heated  about  3i  hr. 
with  gas,  semi-coke  injection  was  started,  and  the  heater 
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temperature  was  increased  satisfactorily  from  530  to  6?5  C. 
Coal  was  fed  intermittently  to  the  carboniser  for  about 
one  hour,  in  order  to  keep  its  temperature  around.  5?5°C, 
then  however1,  the  coal  inlet  plumed.  It  was  thought 
that  ].,0  cuft./min.  of  gas  was  being  passed  through  this 
pipe  but  a  plum  on  a  manometer  tran  had  been  inadvertantly 
left  off  so  that  then©  could  not  have  been  more  than 
half  this  quantity  flowing.  By  shutting  down  the  carbon¬ 
ising  section  the  inlet  pipe  was  cleared  and.  coal  feed 
started  again.  Unfortunately  while  this  was  being  done 
the  semi-coke  feed  to  the  heater  had  been  shut  off,  since 
the  heater  temperature  had  risen  to  $00nC.  With  the 
sudden  load  in  the  carboniser  zone  the  temperature  in  the 
heater  dropped  quickly.  Even  though  the  semi-coke  feed 
was  resumed,  conditions  showed  no  signs  of  becoming 
steady.  Very  little  semi-coke  was  left  so  the  heater 
was  shut  down  and  coal  passed  through  the  carboniser  at 
a  high  rate  until  its  temperature  dropped  below  400°C, 
to  provide  heater  feed  for  the  next  run. 

Shut  d  own . 

The  pressure  drop  from  the  outlet  of  the  carboniser 
to  the  outlet  of  Mo.  2  condenser  had  been  increasing  to¬ 
wards  the  end  of  the  run.  When  the  transfer  lines  were 
opened  they  were  found  to  be  coated  with  a  l/S  in.  layer 
of  coal  dust  and  there  was  also  a  considerable  amount  of 
coal  dust  in  No.  1  condenser.  All  the  elbows  in  the 
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transfer  line  were  replaced  with  crosses  to  facilitate 
future  cleaning  operations.  Since  the  2  in*  cyclone 

had  no  beneficial  effect  on  the  dust  carry¬ 
over  problem,  the  original  cyclone  was  replaced. 

There  was  still  some  sand  in  the  burner  chamber 
below  the  heater.  When  this  was  dismantled,  the  screen 
was  found  to  be  intact.  It  was  therefore  assumed  that 
the  sand  had  worked  its  way  between  the  screen  and  screen 
support  around  the  6  in.  carboniser.  To  remedy  this,  the 
6  in.  packing  follower  ring  was  replaced  above  the 
screen  support  instead  of  below  so  that  the  100  mesh 
screen  was  held  between  it  and  the  stainless  steel  screen. 
This  prevented  sand  Bilking  its  way  between  the  two. 

Run  4  March  16,  1956.  11,15  am.  to  3*15  pm. 

The  critical  gas  velocit}/"  of  semi-coke  in  the  carbon- 
i°er  was  checked  and  found  to  occur  at  the  18%  reading 
o^  the  rotameter  when  the  bed  was  at  room  temperature. 

The  ges  velocit}?-  was  accordingly  set  at  this  figure  and. 
as  the  temoerature  increased,  it  was  noticed  that  this 
setting  decreased  to  about  without  any  adjustments 
nn  -the  operator's  part.  However,  tbs  always  remained 
fluidised.  The  heater  was  brought  up  to  temperature  very 
smoothly.  The  lighting  port  was  not  shut  until  about  two 
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hours  after  lighting  in  order  to  prevent  the  flame  from 
going  out.  When  the  nort  was  closer),  the  hed  fluidised 
and  its  temperature  averaged  out  at  500nQ.  After  fluid¬ 
ising  the  'red.  the  temperature  could,  not  be  raised  above 
57^°C  with  semi-coke ■ and  oxygen.  The  heater  screw 
feeder  was  checked  twice  but  seemed  to  he  working.  Usually 
come  unburnt  semi-coke  collected  in  the  beater*  cyclone, 
but  thic  time  tbe-ne  was  only  a  very  fine  dust.  This 
condition  continued  for  an  hour  and  a  half.  At  this 
point  the  temperature  of  the  carb<§hiser  bed  dropped,  from. 

to  10°C  in  a  period  of  3  minutes,  and  the  pressure 
drop  across  it  rose  to  over  four  times  its  normal  value. 

It  was  obvious  that  the  carloniser  was  completely/-  full 
of  coal,  which  must  have  blown  through  the  ^cr’ew  feeder, 
since  at  no  time  was  it  turning. 

Shirt  down. 

Tha  carbonisori  -  transfer  line  and.  numbers  1,  2  and. 

3  condenser’s  were  all.  full  of  coal.  To  prevent  this 
occuring  amain  the  jarge  gas  line  to  the  top  of  the  coal 
feed  hopper  was  shut  off. 

Thera  was  still  sand  in  the  burner  chamber  and  it 
was  found  that  the  rods  which  force  the  screen  support 
up  against  the  ring  welded  to  the  inside  of  the  shell  were 
h a np ^  due  to  their  being  heated!  at  a  faster  rate  than  the 
shell.  Whan  the  feeater  cooled  down,  the  screen  support  slipped 
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allowing  tho  sand  to  pass  by.  To  prevent  this  two  holes 
were  drilled  end  tapped  tlmm  "h  the  outer  sh^l]  into  the 
screen  support  so  that  it  could  he  fixed  in  position 
wi t h  two  sere ws . 

The  ring  type  pilot  light  was  replaced  bpr  a  single  l/4  in. 
burner  to  give  a  more  stable  and  controlled  flame. 
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